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Abstract 
A 9 wt.% Cr creep resistant power plant steel, P91, was subjected to transmission electron 
microscopy, energy dispersive x-ray and optical analysis in order to identify a method that 
may be used to asses the thermal history of the steel and to identify material which may have 
been sUbjected to incorrect pre-service heat treatment. 
As a first step, the relatively simple technique of optical image analysis was used. 
Photographs of etched ex-plant P91 specimens were analysed using an automated optical 
image analyser in order to identify any apparent trends that may be used as an indicator to 
either the service history or the pre-service heat treatment of the steel. The main parameter 
used was the amount of black space on each image, itself a function of both precipitation 
within the material and etching procedure. This technique provided inconsistent results due 
to the inherent problems in creating reproducible images and sensitivity. 
The more complex procedure of utilising transmission electron microscopy and energy 
dispersive x-ray analysis to analyse precipitates on carbon extraction replicas was then used. 
The effects of time and temperature on the various minor phases in P91, subjected to a 
standard pre-service heat treatment of normalising at 1040°C for 1.5 hours and tempering for 
2.5 hours at 760°C and then aged for various times at various temperatures, showed that the 
M23C6 phase precipitate close to its equilibrium composition and that the MX phase 
precipitate quite far from its equilibrium composition. MX particles initially rich in 
chromium after tempering, proceed to lose this chromium content, which is replaced by 
niobium and vanadium. Thermodynamic modelling of the various phases in P91, as well as 
experimental results, showed the stability of the (V,Nb)(N,C) variant of the MX phase at 
lower temperatures and the (Nb,V)(C,N) variant of the MX phase at higher temperatures. 
Thermodynamic modelling also showed that the MX phase is predicted to contain almost 
o wt. % chromium at equilibrium. The rate of chromium decrease from the MX phase as it 
approaches equilibrium appears to show that it may be a more accurate indicator to the 
thermal history ofthe steel in comparison to hardness measurements. 
Once the effects of aging on the MX phase in P91 subjected to a standard pre-service heat 
treatment were ascertained, the effects of non-standard pre-service heat treatment on P91 
were examined. P91 was re-normalised at temperatures between 900°C and 1100°C then re-
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tempered for 2.5 hours at 760°C. In the re-normalised material, transmission electron 
microscopy revealed that at a normalising temperature of 900°C, incomplete dissolution of 
M23C6 occurred, as well as an incomplete martensitic lath structure. Increasing the 
normalising temperature to I 100°C resulted in an increasing and more inhomogeneous grain 
size. When tempered, it was apparent from optical examination that these samples had been 
abnormally heat treated due to the abnormal microstructure. On the other hand, material that 
was under-normalised at 950°C for 1.5 hours then tempered at the standard 760°C for 2.5 
hours exhibited a microstructure that appeared similar to 'standard' material. However, there 
was a difference in the rate of decrease of the chromium content from the MX precipitates in 
these two samples. After extended tempering, the MX phase in the normalised 950°C sample 
lost 33 wt.% of its chromium content compared to only 18 wt.% in the normalised 1040°C 
sample. Similarly, MX particles in the normalised 950°C material coarsened by 250% after 
54 hours of tempering at 760°C compared to only 27% for normalised 1040°C material after 
56 hours of tempering at 760°C. These results appear to indicate that an abnormal heat 
treatment, not detectable using traditional optical analysis, may be revealed when analysing 
the MX phase in the steel. 
In order to further assess the effects of abnormal-pre service heat treatment on the coarsening 
rates of the MX phase in P91 , a novel and more rapid approach than the standard method of 
optical image analysis of images of carbon extraction replicas was used. The technique of 
photo correlation spectroscopy, normally applied in the fields of ceramics and chemistry, 
was used to measure the particle size distribution of precipitates extracted electrochemically 
from material normalised at 950°C or 1040°C then tempered for 2.5 hours at 760°C, then 
aged for 3785 and 7828 hours at 600°C. The technique showed a bimodal distribution of fine 
particles, the mode of the smaller peak measuring 30 nm - 80 nm in diameter and the mode 
of the larger peak measuring 110 nm - 1000 nm in diameter. It was not possible to identify 
the particles that contributed to each peak, but it was assumed that the smaller peak 
corresponded to the fine MX precipitates, while the larger peak corresponded to the coarser 
M23C6 precipitates. There was a trend of increasing particle size with increased aging, which 
was corroborated by manual particle size analysis. The technique of photo correlation 
spectroscopy may therefore provide a useful and rapid indicator to the particle size 
distribution of precipitate strengthened steels. 
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The effects of a non-standard chemical composition on the MX phase, in this case, P9l with 
a high aluminium content as a result of the refractory materials used in the steel making 
process, was considered. It was found that the aluminium appears to bond with the nitrogen 
in the steel to produce fine sheets of AlN measuring 400 -500 nm in size. Such material 
contains mainly spherical, niobium rich (Nb,V)(C,N) with a chromium content of less than 
5 wt.%. Very few rod-shaped, vanadium rich (V,Nb)(N,C) precipitates were present, 
probably due to the lack of available nitrogen in the matrix. The lack of such complex 
shaped particles may have a detrimental effect on the creep strength of the steel. The high 
aluminium content also precludes the use of the chromium composition of the MX phase as 
an indicator to the thermal history of the steel, as its chromium content was close to 
equilibrium. 
Finally, P9l material was also subjected to cooling rates of 100°C hour· l (slow) and <: 133°C 
hour· l (fast) from the normalising temperature, again to analyse the effects of this on the 
microstructure and on the MX phase more specifically. Slow cooling the P9l resulted in the 
precipitation of (Fe,Cr,MohC and the incomplete transformation of M2C to M23C6 
throughout the matrix. A pearlite-like phase consisting of lenticular M23C6 was also present. 
Upon tempering of this material, no evidence of the existence of this pearlite-like phase was 
apparent. The material fast cooled appeared to contain a normal martensitic structure after 
normalising and there was no discernible difference between the slow or the fast cooled 
material after tempering. The chemical composition of the MX phase in the slow cooled 
material then tempered appeared to be unaffected by the heat treatment and was similar to 
that found in material subjected to fast cooling. Slow cooling rates may be experienced in the 
cores of large castings, but these results illustrate that the chemical composition of the MX 
phase appears to be unaffected and may still provide a useful indicator to the thermal history 
of the pre-service heat treatment of the steel even under slow cooling conditions. 
The effects of standard and non-standard pre-service heat treatments, high aluminium 
content and slow cooling rates from normalising on the chemical composition, morphology 
and coarsening rates of MX precipitates in P9l steel have been analysed. It appears that, in 
addition to standard hardness testing and optical image analysis used to assess the pre-
service heat treatment and thermal history of the steel, the chromium content of the MX 
phase may also be used as another indicator to service exposure. 
iii 
Table of Contents 
Chapter Page 
Nomenclature i 
1. Introduction 1 
2. Literature review 7 
3. Experimental details 41 
4. Microstructural characteristics of P91 steel 54 
5. Effects ofIong term aging on MX precipitates in P91 73 
6. Effects of non-standard pre-service heat treatments on MX precipitates 96 
7. A comparison pf particle sizing mathods 122 
8. Effect of high aluminium content on P91 132 
9. Effects of cooling rates from normalising temperature on the microstructure of P91 157 
10. Conclusions 175 
11. Further work 178 
12. Appendix 1- Quntimet operation 180 
13. Appendix 2- Raw EDX data for long term aged MX and M23C6 precipitates 182 
14. Appendix 3- Raw EDX data for abnormally heat treated MX and M23C6 192 
precipitates 
15. Appendix 4- Raw EDX data for MX and M23C6 precipitates in high-AI P91 208 
16. Appendix 5- Raw EDX data for MX and M23C6 precipitates in slow cooled P91 218 
Nomenclature 
EDX: Energy dispersive x-ray analysis 
FEGTEM: Field emission gun transmission electron microscope 
TEM: Transmission electron microscope 
(Nb,V),(C,N): Niobium rich MX precipitate, with the bold font highlighting the dominance 
of niobium and carbon in the phase. 
(V,Nb)(N,C): Vanadium rich MX precipitate, with the bold font highlighting the dominance 
of vanadium and nitrogen in the phase. 
Chapter I 
1 Introduction 
The development of the steel designated P9 I was driven by the need to provide the oil 
industry with an intermediate alloy to the mild 5 wt. % Cr steel and the more expensive 18 
wt.% Cr-8 wt.% Ni steels that were in use prior to 1936 (1). The Babcock & Wilcox Tube 
Company embarked upon developing a 9 wt.% Cr alloy that had to have: good corrosion and 
oxidation resistance, good creep properties and to be structurally stable under long term 
heating and to be free from embrittlement on cooling and to be easy to manufacture into 
tubes. Experimentation with various additions of vanadium, molybdenum and tungsten and 
testing to temperatures up to 675°C resulted in the production of "Croloy 9", a 9.25 wt.% Cr-
1.5 wt. % Mo-O. I 2 wt. % C steel with the desired' properties. 
In the 1950's and 60's, the concept of "Croloy 9" was improved upon by the "Centre 
National de Recherches Metallurgiques" (C.N.R.M) in Belgium (2). A 9 wt.% Cr-2 wt.% Mo 
steel with additions of vanadium and niobium, designated "R8", was developed. This had 
improved high temperature oxidation, corrosion and creep resistance than 9 wt. % Cr I wt. % 
Mo steel in the temperature range of 575°C to 625°C. However, increasing the molybdenum 
content to 2 wt.% increased Laves phase precipitation (3), depleted the matrix of 
molybdenum as a solid solution strengthener and had a detrimental effect of creep properties. 
The modified 9 wt.% Cr-2 wt.% Mo steel is now only used in France and Belgium (4). The 
Combustion Engineering programme at Oak Ridge National Laboratory optimised the 9-12 
wt. % Cr steels for use in the liquid-metal fast breeder reactor (LMFBR) and resulted in a 9 
wt.% Cr-I wt.% Mo-Nb-V steel being selected for further research (5). This eventually 
became know as P91. Table 1.I shows the composition of various 9-12 wt.% Cr steels. 
C Si MD Cr Ni Mo N Nb W B Co Cu v 
Croloy 9'" 0.15 0.50 0.50 8·10 . 1.25· - - - - - - -
rnax. max max, 1.75 
R8 '" 0.10 0.36 1.00 10.1 - 1.65 - 0.50 - - 2.20 - 0.20 
P 91,0, 0.12 0.50 0.60 9 . .5 0.40 1.05 0.050 0.Q7 
- - - -
0.25 
max max max max max max max 
E911'" 0.11 0.20 0.45 9.0 0.2 1.0 0.060 0.08 1.0 - - - 0.20 
PI22 ,~. 0.11 0.Q2 0.56 11 0.32 0.42 0.05 0.05 1.94 0.001 
-
0.87 0.19 
P92'" 0.13 0.50 0.60 9.5 0.40 0.60 0.07 0.09 2.0 0.006 - - 0.25 
max max max max max max max max max 
Table 1.1 Composition of various 9-12 wt. % chromium steels. Compositions in wt.%.<'·2 .•. 9.6.7) 
P9 I has now become recognised as the base high strength steel for high temperature 
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applications, operating at temperatures and pressures of up to 300 bar and 580°C. Figure 1.1 
shows P9 I in use in steam lines and headers in a coal fired power station. 
Figure 1.1 P9 1 header and steam pipes in Kingsnorth coal fi red power sta tion [Photo courtesy of Power 
Technology] 
P9 I has since been improved upon by the development of steels such as E9II and P92. 
Figure 1.2 shows the max imum temperature at which various steels can survive for 100,000 
hours at a stress of lOO MPa. ( 10) 
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Figure 1.2 Maximum temperature for 100,000 hours stress rupture strength of I OOMPa. After Ennis el al (1 01 
The properties of P91 are strongly dependent on the initial heat treatments it undergoes. The 
recommended heat treatment fo r steel P91 is normalising above the AC3 ternperature, 890-
940°C, at 1040- I080°C followed by tempering at 750-780°C (6) Electron metallographic 
studies have shown that such a heat treatment produces a tempered martensitic structure 
strengthened by carbides and/or nitrides containing niobium and vanadium and chromium-
rich carbides of the M2lC6 type (11 .12) 
It has been proposed that changes in the chemical composition of carb ides in precipitate-
strengthened stee ls during service may be used to assess the thermal history o f a steel. This 
may allow the prediction of the remaining creep life of the material. A number of studies 
have been carried out on the effects of time and temperature on the change in precipitate 
composition in various steels. Carruthers and Coll ins (Il) investigated the changes in 
chemical composition of MC phase in a 0.5 wt.% Cr-0 .5 wt.% Mo-0.25 wt.% V stee l. 
Thomson el at (1 4.1;,16) have looked at carbides in 0.5 wt.% Cr, 2.25 wt.% Cr and 12 wt.% Cr 
steels as a method of remanent creep life assessment, while Vodarek and Strang (17) have 
looked at the changes in the MX, M2X and M23C6 in 12 wt.% Cr-Mo-V-Nb steel. The 
chemical composition of M.X particles in 18-12 type austenitic steels has also been studied 
by Andren et at (18) No substantial studies appear to have been carri ed out on the effects of 
initial pre-service heat treatments and long term aging on the chemical composition of MX 
precipitates in P9 1, or the possibility of using such data as a method of assess ing the thennal 
hi story of the stee l. 
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The aim of this project is to therefore to identify the effects of long term aging and abnormal 
pre-service heat treatment on the chemical composition and morphology of MX precipitates 
in P91. This is to allow the possible identification of P91 subjected to incorrect pre-service 
heat treatment and also to serve as a possible indicator as to the thermal history of the steel. 
In order to achieve this, Chapter 2 contains a review of the literature pertaining to phases in 
9-12 wt,% Cr steels and particularly the effect ofpre-service heat treatment on the chemical 
composition and morphology of minor phases in P91. 
Chapter 3 contains a description of the experimental techniques used in order to characterise 
minor phase precipitation. 
Chapter 4 discusses initial attempts at characterising P91 steel and forming a basis for 
comparing material used in future experiments. Attempts at finding a purely optical method 
of characterising the steel are discussed. 
Chapter 5 discusses the effect of long term aging on precipitation in P91, with particular 
emphasis on the MX phase, while Chapter 6 discusses the effects of non-standard pre-service 
heat treatments on these same phases with a particular emphasis on how the changes in MX 
precipitates may be used as an indicator of both the thermal history and pre-service heat 
treatment of the steel. Further work is carried out in Chapter 7 to assess the effects of pre-
service heat treatment on the coarsening rates of MX precipitates using the technique of 
photo correlation spectroscopy. 
Chapters 8 and 9 investigate the effects of a high aluminium content and slow cooling rates 
on P91 respectively. These chapters investigate whether or not the parameters discussed in 
Chapters 5 and 6 can still be of use when investigating P91 composed of slightly non-
standard chemical composition or subjected to slightly non-standard heat treatments. 
Conclusions and further work are presented in Chapters 10 and 11 respectively. 
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2 Literature review 
This chapter contains a review of the literature pertaining to the phases present in 9-12 wt.% 
Cr steels, with an emphasis on those found in 9 wt. % steels; a review of the effects of the 
pre-service normalising and tempering heat treatments on the properties and microstructure 
ofP91, and the effects oflong term thermal aging and creep on P91. 
2.1 Phases in 9-12 wt.% chromium steels 
The addition of carbon and various alloying elements results in the formation of several 
phases in 9-12 wt. % Cr steels. The chemical composition of these phases as well as their 
total fraction in the steel varies according to the additions present and the temperature at 
which they are formed. 
In a simple iron-carbon phase system, the alloy can exist in several different crystal 
structures as a function of temperature and carbon composition. It can be seen in Figure 2.1 
below, that just above 723°C, the iron changes from u iron (ferrite, a body-centred cubic 
structure), to yiron (austenite, a face centered cubic structure). 
llOOr------------Jr----, 
Y 
I Y+Fe,C 723 I~-----~-------~ 
a+ Pearlite Fe,C + Pearlite 
100 '--_____ -'-______ ---' 
o 0.87 1.9 
Carbon, weight % , 
Figure 2.1 Iron-carbon phase diagram. After Vernon (I) 
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Heating the alloy into the 'Y phase field allows carbon to dissolve into the matrix, so that on 
subsequent cooling, transfonnation to martensite may occur as well as the precipitation of 
various carbon containing phases. In the case of only an iron-carbon alloy, cementite, Fe3C, 
fonns upon cooling to below the eutectoid temperature of 723°C. In nonnalised and 
tempered P9 I, a steel that contains various other alloying elements in addition to carbon, the 
phases present include the tempered martensitic steel matrix, several carbo-nitride 
precipitates, Laves phase and occasionally, aluminium nitride. 
2.1.1 Martensite 
The various phases that reside within P91 exist inside a tempered martensitic matrix. A 
martensitic transfonnation is characterised as a diffusionless transfonnation as it occurs 
without the mass migration of atoms. 
In the close packed planes of an fcc or close packed hexagonal (cph) lattice, carbon may 
exist in tetrahedral or octahedral sites. If the close packed planes are modelled to be hard 
spheres, it can be calculated that an interstitial atom can be no larger than 0.225D in a 
tetrahedral site or 0.4 I 4D in an octahedral site, where D is the diameter of the parent atoms. 
Figure 2.2 shows carbon atoms in either (a) tetrahedral or (b) octahedral sites. 
a b 
Figure 2.2 Carbon atoms (black) in (a) tetrahedral and (b) octahedral sites in close packed planes. 
A carbon atom is 0.154 nm in diameter, which is larger than the 0.0568 nm or 0.1044 nm 
that is allowed in a tetrahedral or octahedral site. It is therefore more likely for the carbon 
8 
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atoms to exist in octahedral sites where the misfit is less, which results in a uniform 
deformation of the austenite lattice. In a bcc lattice, there are 8 tetrahedral sites and 6 
octahedral sites that can accommodate atoms of 0.291 D and 0.155 D respectively. In an iron 
lattice, this equates to 0.0733 nm and 0.0391 nm. When the steel is slow cooled the carbon in 
the interstitial sites in the austenitic fcc matrix diffuses out. If the cooling rate is too rapid, a 
supersaturated solution of carbon remains in the ferrite bcc matrix and produces a severe 
strain. This produces a body centered tetragonal (bct) lattice with lattice parameters a and c 
varying according to the carbon content of the steel, such that 
cia = LOOS + 0.04S(wt.%C) (2) [2.1] 
Figure.2.3 illustrates the variation of the lattice parameter of martensite as a function of the 
carbon content of the steel. It can be seen that a zero carbon content results in martensite 
with a bcc structure. 
3068 1"'"""'1r--'lr--r......,.......,.--r--r--r--r...., 
3·62 
-< 3-58 
.: 3'54 QI 
-~ 3-08 
" ~ 3-04 
a. 
QI 2-96 
v 
:;: 2'92 
-~ 2088 
-
-
<a 0 (Austenite) 
2· 84C::::::~:L:;i;;::L:;t:;::t:j 
0- 0'8 1'2 1-6 2' 0 
Fe Weight per cent carbon 
Figure 2.3 Lattice parameters, a and c, of marten site as a function of carbon content. After Porter et af (2) 
This is further illustrated in Figure 2.4, where two face centered cubic cells (Figure 2.4 a), 
with the axial ratios of the bct cell (b) dependent on the carbon content of the steel. A 
compression of this bct cell by about 17% along the [001] direction and an expansion of 
about 12% along the [010] direction results in a bcc structure (c) (2). 
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(a) (b) (c) 
/ / 
o 
o o 
o o • • o o / V 
Figure 2.4 a) FCC lattice showing a bet cell, b) bet cell, c) compression along [001] and expansion along [010] 
results in a martensitic cell of the correct parameters 
A further strain, called Bain Strain, is required to transform the structure to that of a 
, 
martensitic lattice. This occurs with very little movement of atoms. However, to avoid gross 
misfit between the martensitic plate and the matrix, the martensitic cells must rotate without 
rotating or distorting the habit plane; the habit plane is an invariant plane of the 
transformation. This can be achieved by the process of slip or twinning. In figure 2.5 (a) 
below, it can be seen that an austenite to martensite transformation without slip or twinning 
results in lattice distortion, but that twinning (b) or slip (c) allow the Bain strain to occur 
while minimising this distortion. 
aD ) 
) 
) 
Austenite Martensite 
Figure 2.5 <a) Transformation from austenite to martensite showing distortion. This distortion does not occur 
when (b) twinning or < c) slip occurs. After Porter et af (2) 
10 
Chapter 2 
In P91, extensive testing by many different authors (3,4,5) has shown that martensite exists in 
the form of laths, each composed of many dislocation cells, which is a structure typical of 
low and medium carbon martensite (6). Autotempering of martensite may occur if the Ms 
(martensite start) temperature is above ambient, so that carbon atoms can redistribute to 
lower energy sites, The remaining carbon in the lattice causes severe distortion of the cell 
and the movement of the dislocations due to shear is akin to work hardening. Thus, an 
increase in carbon will result in increased hardness of the martensite. The Ms temperature in 
P91 is approximately 385°C, while the temperature at which it will complete its 
transformation (Mc) is 120°C (7,8). This is illustrated in Figure 2,6, a continuous cooling 
transformation diagram for P91. 
300 A+C Austenittand carbide 
F+C F.rri" and carbide 
M Ma"ensilt 
200 MS Ma""nsi''''''tt 
Austeni'ilinQ: 30min a, 10S0·C 
,emper.,ure '~ +-M_F....;;~;;;m'!,.:;;;'nsTra~;;;~re;.;.·f_'ni_sh_r-'I4_';;;:ol..:I40--T91..:;14@=-:14O=91"'-r14@_9:.,:;I4@ .. s"'I_39.,sl_'8;;;:11 .. [@] ..... -; 
100 10' 1()2 103 104 hI 105 106 
Time 
-
I 
la 
, , 
lOO (mln) 1000 
, , 
I (hIla 
10,000 
I 
lOO 
Figure 2,6 Continuous cooling transformation diagram for P91 indicating an M, of about 385°C and Mc of 
about 120°C. The as-cooled hardness also decreases from 410HV to 149HV for very slow cooling times. After 
Haarmann et 01 (7) 
If the Mr temperature happens to be below room temperature, then the transformation will 
not be complete and there will be residual austenite in the matrix. The volume fraction, f, of 
martensite can be calculated using 
1-f=exp( -0,011 (Ms-T) (9) [2.2] 
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with T being the temperature the sample is cooled to below Ms. Both Ms and Mf increase 
with increasing cooling times as precipitation processes occur during cooling which result in 
the depletion of carbon and alloying elements in the austenite. 
2.1.2 Carbides 
The metallic alloying additions (vanadium, chromium, niobium etc.) that are added to iron 
are able to combine with carbon and/or nitrogen to form interstitial compounds. The 
precipitates are normally denoted using the symbol 'M.Xb', such that phases with 
combinations of M4X, M2X, MX and MX2, for example, result. The 'M' may be a 
combination of carbide/nitride forming elements such as chromium, vanadium and niobium, 
while the 'X' denotes carbon and/or nitrogen. 'a' and 'b' indicate stoichiometry. These 
phases are usually fcc, cph or occasionally bcc (lO). The solubility of the various atoms within 
each phase will change with temperature in an effort to reach a state of equilibrium. Thus, 
these phases will not have a standard chemical composition. 
2.1.2.1 MX 
MX-type precipitates are fcc structures and are very stable in steels, their presence having 
been detected after 1000 hours at 700°C in 9 wt.% chromium steels (11), which are extreme 
conditions that are unlikely to be seen in material in service but are indicative of the stability 
of the phase. They precipitate during tempering and are important for the long-term creep 
strength of the steel as they stabilise the sub-grain boundary network and impede 
knitting/absorption reactions involving free dislocations and sub-grain boundaries (12). Creep 
has the effect of coarsening MX particles slightly (13), in contrast to M23C6 particles that can 
coarsen quite significantly. There is also evidence of secondary precipitation occurring 
during the aging ofP91 (14) of both MX and M23C6 due to the presence of particles finer than 
in the as-normalised and tempered condition. During creep or thermal aging, the coarsening 
of M23C6 increases the interparticle spacing, thus decreasing creep strength (11). However, 
during creep, the newly formed dislocations become ideal nucleation sites (12,5) for the 
precipitation of MX, which helps to maintain the inter-particle spacing, which in turn will 
reduce the steady state creep rate (15) and maintain the yield strength according to the Ashby 
equation (16) such that 
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[2.3] 
where To is the yield stress of the dispersed alloy, Ts is the yield strength of the matrix, G is 
the shear modulus, b in the Burghers vector, A is the interparticIe spacing, cP is a constant 
and r is the radius of the particles. 
Both niobium rich MX and vanadium rich MX particles have been found in 
9 wt.% Cr steels (17, 18,19,11,20,21), their chemical composition depending on the composition of 
the steel with respect to minor additions, and the normalising/tempering heat treatment. 
NbC has a lattice parameter of 0.4469 nm (38-1364 in ICDD-JCPDS (22) catalogue). A 
typical composition of NbC in P91 is 87% Nb and 13% V (18,19). It precipitates inside sub-
grains (11) during the tempering ofP91 and forms a fine dispersion of spherical particles 20-
100 nm is size (20,18,19). There is also evidence that NbC particles limits grain coarsening in 
steels during austenitisation (23,24,25). Figure 2.7 shows the prior austenite grain size in P91 as 
a fimction of the maximum temperature for the total dissolution of NbC. This shows that 
with the increasing thermal stability ofNbC in various niobium-carbon-nitrogen systems, the 
grain size is reduced. 
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Figure 2.7 Grain size vs. Nb(C,N) solubility relationship after Orr et al (24) 
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The other common fonn of MX in P9l is vanadium nitride and can be recognised by its 
elongated needle-like morphology. It has a lattice parameter of 0.4139 mn (35-0768 in 
ICDD-JCPDS (22) catalogue) and precipitates during the tempering of various 9 wt.% Cr 
steels (26.11.19,27). There is a linear relationship between hardness and the percentage of VN 
present, with increased VN resulting in increased hardness and yield strength (28,29), so 
therefore V,Nb(N,C) may be the most important dispersion strengthening particle in P9!. 
In P91, VN may also precipitate in the fonn of 'wings' on NbC particles. These particles are 
typically known as 'V-wings'. Figure 2.8 shows a V-wing with a niobium carbide core and 2 
vanadium nitride 'wings' (30). 
14 
Chapler Z 
100 nm 
Figure 2.8 Carbon extraclion replica ofa V-wing in a 9 Wl.% Cr chromium sleel showing a NbC core wilh VN 
·wings'. After Tokuno el al (lO) 
V -wings were found to occur when tempering at 600°C. Increasing the tempering 
temperature from 500°C to 600°C also increased the size of these wings as vanadium is 
readily supplied by bulk di ffusion. It was calculated by Tokuno et al (30) that the larger V-
wings produce an Orowan stress 20MPa greater than for the smaller particles. This was 
supported experimentally when the creep rupture strength was found to be greater for the 
larger shaped particles. It was concluded that the more complex shaped V-wings are more 
likely to inhibit di slocation glide during high temperature deformation than simple spherical 
Nb(C,N). 
MX particles do not initially precIpItate at their equi librium compositions during the 
tempering of a steel. Aging of an 18 wt.% Cr austenitic stainless steel by Andren et al (3 1) 
showed that the chromium content of MC decreased from 17-22% to 10-19% during aging. 
Similarly, atom field probe ion microscopy by Hiittestrand et al (2 1) of P92 showed vanadium 
rich V,Nb(N) particles becoming niobium rich Nb,V(C,N) after aging for 10,000 hrs at 
600°C and 650°C. Results in Table 2.1 illustrate the compositions (normalised not to include 
the carbon content) of various precipitates in P92. 
Fe Cr Mo Si Nb V Lattice parameler, nm 
Laves phase 34.5 7 50 7.3 I 0.2 0.474, 0.773 
M"C. 21- 25 6 1 - 66 9.5-1 1.5 0.5 0 I 1.068 
(Nb,V)X 0.5-1.5 I 0 0.5 86-94 4-8 0.443 
(V,Nb)X 1-3 8-19 0 I 8-20 60-70 0.412 
Table 2.1 Composition, in weight %, fo r differenl secondary phase particles presenl in speci mens trealed at 
600°C. After Haltestrand el 01 Ill) 
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In a modified 9 wt.%Cr-l wt.% Mo steel with 0.18-0.25 wt.% V, V4C3 and VC precipitates 
have been detected in the form of platelets measuring 5-10 nm across and coherent with the 
matrix (26). VC was precipitated during the initial stages of tempering within minutes, but 
was rapidly replaced by V4C3. VC has a FCC structure with a lattice parameter of 0.430 nm 
(74-1220 in ICDD-JCPDS (22) catalogue), while V4C3 has a rhombohedral structure with 
lattice parameters a=O.2917 nm and b=2.783 nm (24-1390 in ICDD-JCPDS (22) catalogue). 
When M=Fe, this precipitate is normally known as cementite, Fe3C. It has an orthorhombic 
structure with lattice parameters of a=0.451 0 nm, b=0.5040 nm and c=0.6730 nm (85-0871 
in ICDD-JCPDS (22) catalogue). When found in the form M3C, the M usually denotes a 
mixture of Cr, Fe, Mn and Mo. It does not nucleate but has been observed (32,33,34,35) and 
modelled (34) to form by paraequilibrium growth. It is therefore far from its equilibrium 
composition when it first appears. Elongated Fe-rich (Fe-Cr)JC particles of 0.25 x 0.01 ~ 
with a CrlFe ratio <I were detected by Jones et al (26) in a modified 9 wt.% Cr-l wt.% Mo 
steel after normalising. Fe3C will be present only in the initial stages of tempering, being 
replaced by the more stable M2C and M7C3 and M23C6. 
2.1.2.4 M2C 
This is usually a molybdenum rich carbide with a cph structure, denoted by Mo2e and has 
lattice parameters of 0.3002 nm and 0.4724 nm (9,36). This precipitate therefore removes some 
molybdenum from the matrix that may otherwise act as a solid solution strengthener (11). In a 
2.5 wt.% Cr-l wt.% Mo steel, it is an unstable carbide and is usually replaced firstly by M6C 
then by the more stable M23C6 after tempering times of up to 100 hrs (37). Jones et al (26) 
found chromium rich Cr2C in a 9 wt.%Cr-l wt.% Mo steel after tempering up to 16 minutes 
at 760°C, but this was replaced by (Cr-Fe-Mo)nC6. The Cr2C had a hexagonal structure with 
a = 0.279 nm, b =0.279nm and c = 0.446 nm. Similarly, analysis of precipitates in a 9 
wt.%Cr-l wt.%%Mo-0.07 wt.% C steel by Saroja et al (38) showed that steel aged for 1000 
hrs at 550°C contained only M23C6 and no M2X particles, suggesting therefore that the M23C6 
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had grown at the expense of M2X. An increase in the nickel content of a chromium steel may 
also increase the rate of dissolution of M2X (39,40), The chemical composition of M2X 
particles will change during creep exposure to adjust their compositions to the equilibrium at 
the service temperature (40). In a 12 wt.% chromium steel, the chromium/vanadium ratio will 
decrease slightly, and such a change may make it possible to predict the thermal history of a 
steel if the initial compositions are known. 
This is a fcc carbide which is usually molybdenum rich. It has a lattice parameter of 1.1 082 
mn (9,36). It is a more stable carbide and after long tempering times will replace the initially 
formed carbides. It seems to nucleate at ferrite grain boundaries rather than by 'in situ' 
transformation from previously existing carbides. It was found to precipitate in P91 by 
Gianfrancesco et al (41) after aging for 3000 hrs. It is also been found in EMI2, a 9wt.%Cr-2 
wt.% Mo-Nb-V steel, after tempering (42). 
This is a Cr-rich precipitate with a trigonal crystal structure and a solubility of iron up to 
60%. The lattice parameters are a=1.3982 mn and c=O.4506 mn (9,36). Cr7C3 forms after long 
tempering times and is nucleated on at the interface between a-iron and (FeCrhC(9,37). The 
ready supply of chromium and carbon ensures that the (FeCr)3C eventually transforms to 
Cr7C3. It has a faulted structure, which makes it easy to identify by electron diffraction. 
M23C6 is found in chromium steels, the composition of which varies from alloy to alloy. It 
has a FCC structure with a lattice parameter of 1.06214 mn. It is the most 
thermodynamically stable carbide in the temperature range of 550°C and 750°C (38). These 
carbides typically measure 0.2-0.5 ~ and precipitate on martensite lath boundaries, prior 
austenite grain boundaries and sub-boundaries (19.14). They have an effect on the creep 
strength of a 9 wt. % Cr steel by resisting coarsening and retarding recovery processes due to 
pinning of dislocations and/or martensite lath boundaries (8). They prevent the movement of 
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sub-grain boundaries and impede knitting reactions between free dislocations and sub-grain 
boundaries and pin sub-boundary dislocations (4). This carbide may not form initially but 
may gradually replace less stable ones, such as M2X, during aging. 
The composition of 'M' may change slightly with heat treatment. The chemical composition 
of an M23C6 precipitate in a 9 wt. %Cr-I wt. % Mo steel was investigated by Barker et at (43) 
and found to be 67.4 wt.%, 28.5 wt.% Fe and 3.97 wt.% Mo, the three elements being the 
main carbide formers in P91. The above compositions are very similar to those published by 
other authors (38,21). Similar compositions were detected by Bursik et at (19)after creep testing 
P91 specimens at 650°C. The CrlFe ratio tends to increase at greater times and temperatures 
(38,44) as prolonged holding above 500°C allows the progressive enrichment of M23C6 with 
the carbide forming elements. This change in chemical composition is very minor however, 
with 2000 hours exposure at 550°C for example decreasing the chromium content from 57 
wt.% (after initial normalising and tempering) to 55 wt.% and increasing the iron content to 
33 wt.% from 27 wt.% initially (38). 
2.1.2.8 Z phase 
This phase is frequently detected in austenitic stainless steels containing niobium and 
nitrogen. It has a composition of (Cr, Fe, Mn)8 (Nb, MO)6 N6 and has a tetragonal structure 
with unit cell dimensions of a=0.6784 urn, c=0.7387 urn, which vary slightly with the 
thermal history of the steel (45). 
The Z phase was detected for the first time outside a niobium bearing austenitic steel by 
Strang et at (46) in a 12 wt.% Cr-Mo-V-Nb steel. It was identified in creep ruptured 
specimens tested at 550°C and 600°C for up to 94,800 hours. It can be seen in Table 2.2 that 
the Z phase, once precipitated, changes it's chemical composition very little with aging. 
Temp/Stress/Creep Rupture Life V Cr Fe Nb Mo 
600°C/I 39 MN m'/22,OSOhrs 36.0±4.6 47.0±3.7 4.5±O.6 11.1±S.4 1.4±O.S 
600oC/lOO MN m"/30,800hrs 36.0±3.3 45.9±2.5 5.3±O.7 11.3±2.5 1.5±O.5 
600°C/69 MN m"I94 800hrs 36.6±2.3 44.9±3.2 4.4±O6 12.9±3.7 1.2±O.2 
550°C/201 MN m"179,200hrs 36.6±O.7 49.2±2.0 5.2±O.7 7.2±1.7 1.6±O.5 
Table 2.2 Creep rupture data of specimens with Z phase precipitation, composition wt.%. After Strang et al (46) 
18 
Chapter 2 
Strang et aT believed that, contrary to recent Thennocalc studies, where the equilibrium 
phases expected after long tenn exposure at 600°C were MX and M23C6, the Z phase as well 
as Laves phase were present (46). It was concluded that the Z phase precipitates at the expense 
of M2X and MX particles and results in the steel's observed reduction in creep rupture 
strength. After long-tenn creep exposure, the precipitation of solid solution strengtheners in 
Laves phase, coarsening ofM23C6 and the precipitation of the Z phase at the expense ofMX 
particles greatly reduces the creep strength of the material. 
The Z phase was identified for the first time in P91 by Bursik et aT (19) as a complex nitride of 
Cr(Nb, V)N. It was only present in specimens tested to rupture under long tenn creep at 
650°C and not at the lower temperature of 600°C. In Cr-Mo-Nb steels, it is present in the 
fonn (CrxMoyNbI>x>y)C and will not fonn unless all three elements are preserit (47). It 
precipitates in the fonn of thin plates with a diameter up to I !Illl and a plate thickness up to 
100 nm. These are located at sub-grain and grain boundaries, in contact with M23C6. 
However, chemical analysis of the Z phase by Robinson et aT (48) in a high nitrogen stainless 
steel containing 0.38 wt.% N, 2.8 wt.% Mo, 20.60 wt.% Cr and 0.27 wt.% Nb showed that 
the metal phase was composed of only niobium and chromium, with no molybdenum as 
suggested by the previous authors. 
2.1.3 Laves Phase 
Laves phases (49) are intennediate phases in which the crystal structures arrange themselves 
in such a way as to allow constituent atoms to pack themselves closely together. Constituent 
atoms must vary in size by about 22.5% and exist in the fonn AB2, for example, MgNh and 
TiCr2. They precipitate on grain and sub-grain boundaries (19) as well as MX and M23C6 
particles (50,51). They are typically over 200 nm large and their size can increase dramatically 
with aging, 1250 nm particles having been observed in P91 tempered at 600°C for 16,000 
hours (19). 
Laves phases are generally recognised as having a detrimental effect on the long-tenn creep 
strength of9-12 wt.% chromium steels. One effect of this phase is to take molybdenum (and 
tungsten in the case of P92) out of solution and incorporate them into the Laves phase, thus 
reducing the solid solution strengthening effect of these elements (52,19,44). 
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Another effect noticed by Senior et al (53) during the long tenn aging of a 9 wt. %Cr-
1 wt. %Mo steel was the decrease in the number of M23C6 boundary particles that occurred 
with an increase in the Laves phase Fe2Mo. The Laves phase was present in the fonn of sheet 
precipitates after 1000 hrs aging at 550°C. By 5000 hours, a much greater quantity of Laves 
was observed at both lath boundaries and intra-lath sites. The reduction in the amount of 
M23C6 may have a detrimental effect on the creep strength of P91 as M23C6 is an important 
creep strengthener. There have, however, been suggestions that Laves phase itself may aid in 
creep strength, but as initially small Laves particles coarsen quite rapidly, their effectiveness 
is probably only short tenn and for a few thousand hours only (50). 
2.1.4 Aluminium nitride 
This is phase that is only sometimes associated with 9-12 wt% Cr steels. It may exit as a 
hexagonal structure, a = 0.311114 um and c = 0.49792 um ([25-1133] in ICDD-JCPDS (22) 
catalogue), or a cubic structure, a = 0.7913 um ([34-0697] in ICDD-JCPDS (22) catalogue). 
AIN with a hexagonal structure has been shown to precipitate in a 9 wt.% Cr-0.5 wt.% Mo-
1.8 wt.% W steel when 0.035 wt.% AI or greater was present. The presence of AIN reduced 
the amount of nitrogen available for the precipitation of V,Nb(N,C) (54). The presence of a 
low nitrogen:aluminium ratio has been also been cited as a possible reason for the failure by 
creep of some P91 forgings (55). This is because the nitrogen might preferentially combine 
with the aluminium at the expense of the vanadium nitride precipitates which are important 
for the long tenn creep strength of the steel (12.11.5). The phase has calculated by Bates et al 
(56)to be thennodynamically stabie up to a temperature of 1050"C in P91. 
2.1.5 Summary of phases in 9-12 wt,% er steels 
To sununarise, various precipitates are present in 9-12 wt. % Cr steels, their compositions 
depending on the chemical composition of the steel and the time and temperature conditions 
that dictate the rate at which their chemical composition reaches equilibrium. Table 2.3 
sununarises the carbides present in 9-12 wt. % Cr steels and their nomenclature. Table 2.4 
shows typical chemical compositions for the precipitates that are present in P91. 
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Precipitate Nomenclature Location in fully heat-treated P91 Typical size 
MX NbC Inside sub-grains Spherical 20-100 nm 
MX VN Inside sub-grains Needle like 20-100 nm 
M,X Mo,C, Cr,C Dissolves during tempering 
-
MY< (Fe,Cr),C Dissolves during tempering -
M,X Mo,C Ferrite grain boundaries 
-
M,C, Cr,C, Interface between a-iron and -
(FeCr),C 
M"C, (Cr,Fe,Mo)"C, Grain and sub-grain boundaries 20-500nm 
Z Phase Cr(Nb, V)N Sub-grain and grain boundaries in Thin plates I J,lm x 100 nm 
contact with M21C, 
Aluminium AIN Intergranular Thin sheets 
nitride 
Table 2.3 Typical phases in P91 
Corn osition wei ht % 
Precipitate Cr Mo Fe Nb V 
VN 18 
- - 13 68 
M21C, 64 4 32 - -
NbC 
- - - 87 13 
V4C, 30 - 11 3 56 
Table 2.4 Typical carbide compositions in P91, after Orr et al (18) and Haltestrand et al. (21) 
2.2 Pre-service heat treatment 
The final P9l steel product installed in a plant will have been cast and then experienced 
several stages of forging. The cast material will contain auto tempered precipitates and the 
forging process will work harden the material as well as orienting grains in certain 
directions. In order to obtain the desired characteristics of hardness, grain size and creep 
strength, P91 must be subsequently subjected to a two-stage heat treatment. The first stage, 
the normalising treatment, aims to ensure the complete dissolution of all precipitates, the 
dispersion of solute and also creates a hard martensitic structure with a homogeneous grain 
size upon quenching. The second stage, the tempering heat treatment relieves excess stresses 
and allows the precipitation of the desired MX and M23C6 to enhance the creep strength of 
the material. 
2.2.1 Normalising 
The Acl temperature of P9l is 820°C (25) and is the lowest temperature below which 
austenite cannot exist. The recommended heat treatment for steel P91 is normalising above 
the Ac3 temperature, 890-940°C, at 1040-1 080°C (7). This temperature range has been shown 
to produce the most desirable creep properties when testing in the range of 927°C to 
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112loe (57) due to the dissolution ofMX precipitates. The nonnalised structure typically has 
a hardness of 405-410 RV30 and develops a fully martensitic structure which may contain 
autotempered MX and fine needle-shaped e-carbides (18) at cooling rates of greater than 
1000 e hour' I (58). A martensitic structure can be achieved in P91 even when the time interval 
for cooling between 8000 e and 5000 e is as long as 3000 to 4000 seconds (8). Manufacturer's 
specifications suggest that at cooling rates of about 1000 e hour' I or lower, ferrite fonnation 
as well as carbide precipitation may occur between 8000 e and 700oe, while at slower 
cooling rates, martensite fonnation may be avoided completely (7), a phenomenon better 
illustrated in Figure 2.6. It is possible that such low cooling rates are experienced in the core 
oflarge castings. 
Incorrect nonnalising procedures, particularly under-nonnalising at temperatures just above 
the Ac3 temperature, may result in materials with unacceptable creep properties without 
being recognisable in the hardness, tensile properties or microstructure. This scenario has 
been investigated by Borggreen (25). Re found that heating and subsequently cooling from 
above 8600 e results in a hardness of 410-450 RVI0. Subsequent tempering reduces the 
hardness to 200-250 RV. Both nonnalised and tempered hardness values were within the 
specified limits for P91 even though the nonnalising treatment was below specification. 
Extrapolations by Borggreen of short-tenn rupture data of material nonnalised in the range 
8600 e - 9600 e and then tempered showed that an incorrect nonnalising procedure may result 
in poor long-tenn creep strength, which may mean that a component with a design life of 
-24 years fails after only -1 year. Only when nonnalising below the temperature range of 
9400 e to 9800 e did the microstructure of the nonnalised and tempered material, when 
examined optically, appear to be different from correctly heat-treated material. It is therefore 
not possible to conclude only from the tempered hardness and optical characteristics of a 
material whether the nonnalising has taken place within the correct range or not. This makes 
it difficult to detennine if the material has been under-nonnalised and hence if there are any 
implications for mechanical properties in service. 
Over-nonnalising on the other hand results in more obvious differences in the optical 
characteristics of the microstructure. The effect of varying the nonnalising temperature on 
the grain size of9 wt.% er steel was investigated by several authors (8,18,24,11,25). It was found 
that nonnalising P91 up to 1 100°C resulted in a grain size of 20-30 Jl111. From approximately 
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llOO°C to l200°C, a grain size of over 100 IlIll resulted which grew at an approximately 
linear rate of 91l1ll per 10°C. Normalising at ~ 1150°C resulted in a variable grain size 
probably due to the increase in the normalising temperature, as well as the appearance of 5% 
o ferrite. Grain growth was slower in P91 than in 9wt.% Cr- I wt.% Mo steels probably due 
to the effectiveness of fine MX particles in inhibiting grain growth. Both slow heating P91 
at a rate of 100°C min' I or holding at 1050°C or 11 OO°C for up to 24 hours resulted in only a 
slightly coarser prior austenite grain size. 
Figure 2.9 shows the ASTM grain size as a function of normalising temperature. It can be 
clearly seen that higher normalising temperatures result in larger grain sizes (smaller ASTM 
size) and that the relationship is almost linear. . 
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Figure 2.9 ASTM grain size as a function of normalising temperature after I hour. After Borggreen (25). 
Variation in the normalising temperature will have an effect on the as-tempered hardness of 
the material. An increase in the normalising temperature was found by Orr et al (18) to 
increase the hardness of the tempered P9l. A 10-15% increase in strength was achieved by 
increasing the normalising temperature from 1050°C to 1100°C (11). Both authors concluded 
that the hardness difference indicated an increased dissolution of carbide/nitrides at the 
higher temperatures. Similarly, Borggreen (25) found that there was an increase in the 
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tempered hardness of P91 after normalising between 860· C and 1200· C. Figure 2. 10 shows 
the tempered hardness of P9 1 as a function of normalising temperatu re. The plotted data was 
obtained from results by Borggreen (25) and Orr (18) . It can be seen that Borggreen's results 
showed that there was an inconsistent increase in the as-tempered hardness from 200 HV I 0 
to 240 HV I 0 when the normalising temperature was increased from 860· C to 1200· C. Orr's 
results show that the as-tempered hardness increased from 23 5 HV30 to 285 HV30 when 
increas ing the normalis ing temperature from 1050· C to 1200· C. 
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Figure 2.10 A comparison of data by Orr 11'1 and Borggreen (2" of as-tempered hardness of P9 1 as a fu nction of 
normalising temperature. 
It can be seen in Figure 2.1 0 that there is a dip in the as-tempered hardness measured by 
Borggreen when normalising ini tially at II OO· C. No explanation is given fo r this dip in the 
hardness by him, but at the higher normalising temperature, a larger grain size wi ll result. 
This wi ll be accompanied by a greater amount of solute dissolution than at 1050· C, which 
will lead to greater amount of precipitation during tempering, with a resulting increase in 
hardness. It is possible that a combination of softening and hardness effects has led to a small 
decrease in the tempered hardness of the material. In add ition to the above find ings, P9 1 
material normalised by Bosansky (27) from 850· C to I050°C showed an increase in the grain 
size from 9~ to 50l-lm as well as a decrease in the as-tempered hardness of 40 HV I 0 (it was 
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not possible to plot the data here due to the nature of the graphs presented by Bosansky). The 
samples were tempered at 750°C for up to 2 hours. It has already been acknowledged that an 
increase in normalising temperature will result in a larger and more heterogeneous grain size, 
which should lead to a softer material. These results by Orr, Borggreen and Bosansky 
indicate that the normalising heat treatment can affect the as-tempered hardness by a 
combination of both precipitation hardening and grain size refinement. 
2.2.2 Tempering 
Tempering is the process by which excess stresses in the crystalline structure are relieved by 
allowing some carbon to diffuse out of the martensite to form precipitates. Decomposition of 
retained austenite (only present in appreciable quantities in medium to high carbon steels) 
and the recovery and recrystallisation of the martensitic structure also occur (6). In P91, 
tempering is usually carried out in the temperature range of 750-780°C (7). Electron 
metallographic studies have shown that this produces a tempered martensitic structure 
strengthened by carbides and/or nitrides containing niobium and vanadium and chromium-
rich carbides of the M23C6 type (26,29). The microstructure also contains a high density of 
dislocations in the subgrains (8) 
The ASTM requirement of 265 HV30 is achieved after tempering for approximately 1 hour 
at 735°C (18), but in practice, a hardness of about 200-270 HV30 is achieved after tempering 
at 700-780°C (14). The tempering response is typical of a martensitic steel, exhibiting gradual 
softening and a secondary hardness peak as fine MX particles precipitate (59,29,14). Figure 2.11 
illustrates the tempering curve for 3 experimental casts of P91 with similar chemical 
compositions. It can be seen that tempering at the higher temperature of 825-850°C resulted 
is some retransformation and rehardening to a fully martensitic structure. 
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Figure 2.12 is a thin foi l specimen of P9 1 tempered for 2.5 hours at 760°C showi ng 
martensite lath boundaries with M 23C6 prec ipitation. 
200nm 
Iligure 2.12 Thin foil image, prepared at Loughborough Universi ty, showing the tempered martens itic natu re 
of P9 1 and the presence of M21C. prec ipitat ion 
It has already been mentioned in section 2.2 .1 that the normalising heat treatment will have 
an effect on the as-tempered hardness due to the resultant grain size. In addition, the 
tempered hardness of P9 1 can be affected by the amount of precipitation in the steel. 
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Precipitation hardening can be maximized by achieving a vanadium: nitrogen ratio of 
approximately 1:3.5 (29) to maximise vanadium nitride precipitation. Increasing or decreasing 
this ratio may reduce the 0.2% proof stress of the material. 
Varying the tempering temperature will vary both the hardness and the microstructure of 
P91. A 9 wt.% Cr-l wt.% Mo steel modified with additions of niobium and vanadium was 
investigations by Jones et at (26). The steel was normalised and subsequently tempered for 
periods of up to I hour at 550°C, 650°C, 700°C and 760°C. Figure 2.13 below presents the 
hardness data as a function of tempering time and temperature. It can be seen that the 
hardness stabilised at the lower temperature of 550°C but at higher temperatures, increased 
tempering times resulted in a decrease in hardness. Cr2C was displaced by M23C6, which 
enriched in iron to achieve an iron/chromium ratio of 1.9. VC was also detected, but not at 
the higher tempering temperatures of 700°C and 760°C. The microstructure exhibited a 
rearrangement of transformation dislocations and the initiation of martensite lath break-up 
was seen at the higher temperatures of 760°C. 
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2.3 Effects of creep on P91 
P91 that has been subjected to the standard pre-service heat treatment will be put in service 
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at a temperature of approximately 570°C for 200,000 hours or more. During this period, the 
thermal energy input into the material and the stresses applied will cause changes to occur in 
both the microstructure and the properties of the steel. Due to the expected long service life 
of P91, it is not always possible to obtain samples aged for the 200,000 hour expected 
lifetime of a steel component. Experimental creep tests therefore rely on accelerating the 
microstructural degradation of the steel by applying temperatures and stresses that cause 
material to fail in relatively short periods of time to enable their investigation. The data can 
then be extrapolated and used in predicting microstructures and properties of material 
exposed to more realistic in-service conditions. 
The most commonly used method for extrapolating creep data are Larson-Miller 
plots (60). These are based on the fact that creep, tempering and diffusion appear to obey a 
power law relationship whereby 
e = Ae(-Q(S)/RT) [2.4] 
where t is the strain rate, A is a constant, Q(S) the activation energy for the process under 
consideration, R is the universal gas constant and T is absolute temperature. As t cc 1/ t , the 
above equation can be re-written as 
T(lnA + Int) = Q/ R [2.5] 
with 'In A' a constant used to fit the data points to the graph, usually denoted as '20', and 
Q/ R the Larson-Miller parameter, denoted as P. However, the above method can be 
unreliable if extrapolating curves to more than three times the amount of time the samples 
have been aged for (61). 
One effect that creep may have on fine precipitates within the martensitic P91 matrix is an 
increase in the size of the precipitates in regions subjected to stress. This increase in particle 
size may occur either during the 'nucleation' stage or the 'growth' stage of particle 
evolution (62), although these stages do overlap. 
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2.3.1 Nucleation 
During creep, plastic deformation generates dislocations that become energetically 
advantageous sites for the nucleation of coherent and incoherent particles, but in either case 
the number of available dislocations must be high (Le. a high deformation rate) in 
comparison to the number of nuclei for dislocations to have a significant effect on the 
nucleation rate. Dislocations may also act as sinks for the segregation of solute atoms, 
thereby reducing the matrix supersaturation and the nucleation rate. 
2.3.2 Growth 
Two phenomena may account for the accelerated coarsening of particles during the growth 
stage of precipitation (63). The first occurs by 'coalescence " where particles mobile within 
the matrix make contact and coalesce. An example of this is 'grain switching " is illustrated 
in Figure 2.14, which shows how particles on grain boundaries, may, through the movement 
of the boundaries, coalesce to fonn larger particles. The coalescence of grain boundary 
particles would also make them less effective pins of grain boundaries so that particle 
coalescence is accompanied by grain growth. 
(a) (b) (c) (d) (e) 
Figure 2.14 Grain switching, from (a) to (e) allows particles to coalesce on grain boundaries. After 
Courtney (63) 
The second phenomenon involves 'dislocation diffusion' arguments, dismissed by 
Courtney (63) as an ineffective generator of accelerated particle coarsening because of the 
high dislocation densities required (I017m-2) to merely double the mass diffusion rate over 
that experienced from volume diffusion alone. However, the latter phenomenon has been 
utilised by Balliger et al (64) to explain the differences in the coarsening rates of VC, VN and 
V(C,N) particles in a series of 0.25 wt.% V steels. In their experiments, it was observed that 
particles in a FeVC alloy coarsened more rapidly, by a factor of about 50, than particles in a 
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FeVN or FeVCN alloy such that the that the coarsening rates of the precipitates were 
vc > VN ~ V(C,N) 
In the initial stages, the coarsening was controlled by an interfacial reaction such that 
[2.6] 
while in the latter stages, dislocation coarsening appeared to occur, such that 
[2.7] 
where K and K· are constants, ro and r; are the ,mean particle radii at zero time and time t 
respectively, R the universal gas constant, T the temperature in Kelvin, C the solute 
concentration in equilibrium with a particle of infinite radius, k the constant of the phase 
boundary reaction (rate constant of material transfer), Dd the solute diffusion coefficient for 
pipe diffusion, N the number of dislocations intersecting each particle, q the effective cross 
sectional area of dislocation pipe diffusion path, y the particle/matrix interfacial energy 
(dependent on the particle/matrix coherency). The change over between coarsening 
controlled primarily by interfacial to dislocation controlled diffusion occurs as a result of the 
initial predominance of particles precipitating within the matrix over particles precipitating 
on dislocations. The bulk of particles measured initially for particle size determination are 
therefore within the matrix. This results in coarsening kinetics that initially obey 
t~ (interface controlled) or t X (bulk diffusion). During aging, particles that have 
precipitated on or near dislocations, grow at a rate enhanced by pipe diffusion at the expense 
of particles precipitated within the matrix, so that the number of particles within the matrix 
reduces and a bimodal distribution of particles result. This causes a deviation from the 
interface controlled kinetics to pipe diffusion controlled kinetics, tX. This is illustrated in 
Figure 2.15, which shows the varying rates of coarsening for VC, VN and V(C,N) particles. 
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Figure 2.15 Coarsening rates of VC, VN and V(C,N) precipitates in 0.25 wt.%V steel thermally aged, showing 
the standard deviation of particle size versus time. After Balliger et a/(64) 
The effects of the matrix substructure on particle coarsening in material subjected to strain 
has been observed by Chandra et at (65) in the progression of Nb(C,N) particles in a 0.018 
wt. % Nb steel and further confirm the pipe diffusion hypothesis presented by 
Balliger et at (64). Samples subjected to strain at increasing temperatures resulted in particles 
coarsening at reducing rates. This was explained by the fact that at higher temperature there 
is increased dynamic recrystallisation and hence a reduced dislocation density which results 
in reduced coarsening based on pipe diffusion. At lower temperatures, the stress generates 
dislocations, the presence of which creates a potential gradient that results in a movement of 
atoms towards dislocations (66) so that a greater rate of diffusion of atoms occurs in stressed, 
as compared to unstressed, material. The effects of strain and temperature on coarsening of 
Nb(C,N) particles is illustrated in Figure 2.16. 
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Figure 2.16 Effect of strain and temperature on coarsening rates of MX precipitates in 0.018 wt.% Nb steel. 
After Chandra et al (6') 
For the preceding reasons, differences in the stress on creep tested specimens will have an 
effect on the progression of both the sub-grain size and particle size. The initial 
microstructure of nonnalised and tempered P9l is of parallel martensite laths containing a 
high density of dislocations (4) with particles on martensite lath boundaries and prior 
austenite grain boundaries (5). During the initial stages of creep, M23C6 particles grow and are 
less able to pin subgrain boundaries so the sub grains grow (67). As a result, particles are left 
in the interior (4), while the martensite lath structure decays into more equiaxed patterns (3). 
Laves phase (Fe2Mo) precipitation may also occur which depletes the matrix of Mo and 
reduces its effectiveness as a solid solution strengthener (IJ). Figure 2.17 shows the 
progression of both M23C6 and sub grain coarsening with increasing stress, cr. It can be seen 
that an increase in the size of M23C6 is usually accompanied by an increase in the subgrain 
size. 
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The sub grain size increases with increased stress and sub grains become more equiaxed (5). 
The particles, consisting of a bimodal distribution of MX and M23C6 (4) also coarsen, their 
rate of growth dependent on the stress applied (4,67). The coarsening of precipitates would be 
expected to result in an increase in the inter particle spacing (IPS) according to the equation: 
[2.8] 
where A. = interparticle spacing, d is the precipitate diameter and V, is the particle volume 
fraction (assumed to remain constant) (68). This shows that with increased particle coarsening, 
the IPS also increases. However, the effective IPS decreases during creep due to the 
precipitation of vanadium carbo-nitrides on a dislocations generated by the creep 
process (11,4). During longer exposure times at lower stresses, the precipitation ofMX appears 
to be greater, such that accelerated creep testing at high stresses may in fact prevent the 
precipitation of particles that hinder the movement of dislocations. 
The variation in particle coarsening described above as a function of stress rate may lead to 
incorrect predictions of creep strength when extrapolations to long times are carried out. In 
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addition to the reduced MX precipitation at higher stresses, the increase in particle size with 
increased stress is not monotonic, with the mean particle size increasing initially, then 
decreasing as the material approaches fracture (5). This can be seen in Figure 2.18 which 
illustrates clearly that at higher stresses, there is a much sharper rate of increase in mean 
particle size followed by a sharp decrease. 
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Further experiments have similarly shown that extrapolation of short term creep tests may 
not yield correct results for the predicted creep life of a material. In tests by Zielinska-Lipiec 
et af (69) on P92, the growth of growth of carbides and the effects of aging on dislocation 
density were examined. It was found that M23C6 carbides grew rapidly in the first 5000 hours 
of the creep tests, but after 10,000, the rate of growth reduced greatly. In addition, there was 
an increase in the size of the carbides in the stressed gauge portion of the specimen being 
creep tested when compared to the unstressed head. It was also found that the dislocation 
density decreased after 5000 hours exposure. Predicted strength will therefore be different 
when short term tests are used to extrapolate long term trends. 
2.4 Summary 
P91 is a tempered martensitic steel that contains various secondary phases, the most 
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important of which are the fine MX and larger M23C6 precipitates. The material is sensitive 
to its pre-service heat treatment, the objective of which is to promote a material with 
acceptable hardness, a homogeneous grain size and a fine dispersion of creep strengthening 
precipitates. The microstructure of the steel and the morphology and chemical composition 
of precipitates may be affected by stress, time and temperature. These factors may make 
short term creep tests an unreliable indicator to the creep strength of the steel. 
It would therefore be useful to identify a means by which not only the thermal history of the 
steel may be assessed, but also the initial pre-service normalising and tempering heat 
treatments. The technique would have to exploit the resulting changes in the microstructure 
of the steel as a function oftime, temperature, stress and chemical composition. 
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3 Experimental details 
This chapter presents the various techniques that were used to investigate the P91 material. 
These techniques can be broadly split into two categories: those used for large-scale 
investigations, such as to measure grain size or to assess the gross degradation of the 
microstructure with aging, and those used for small-scale investigations, such as to measure 
the chemical compositipn of precipitates or assess the fine martensite lath structure. 
3.1 Material 
P91 samples with slight differences in their alloying additions were used in the experiments 
carried out within this thesis. Table 3.1 below is a summary of the chemical composition of 
the various P91 samples. Detailed chemical compositions and heat treatments will be 
presented in the relevant chapters. 
C Si Mn P Cr Mo Ni AI Cll Nb V N 
Chapter 4 (max) 0.12 0.50 0.60 0.020 9.50 1.05 0.40 0.040 0.\0 0.25 0.070 9.50 
ChaDter 5 0.09 0.33 0.44 0.008 8.66 0.94 0.09 0.003 0.03 0.06 0.25 . 
ChaDter6 0.09 0.33 0.44 0.008 8.66 0.94 0.09 0.003 0.03 0.06 0.25 . 
Chapter 7 0.10 0.44 0.46 0.017 8.70 0.94 0.17 0.05 - 0.07 0.215 0.053 
Chapter 8 0.13 0.37 0.46 0.017 8.70 0.93 0.25 <0.01 0.11 0.07 0.21 -
Table 3.1 Chemical composition of various P91 samples used in the experiments in this thesis, weight % 
3.2 Optical microscopy 
Optical microscopes may be of the transmissive or reflective type. Transmissive microscopes 
allow light to pass through the specimen so that only very thin polymeric or biological 
specimens can be examined. For metallurgical investigations, this is not possible, so 
reflective microscopy is used where light reflected from the surface of the specimen is 
examined. 
An important factor in microscopy is the resolution of the microscope. The Raleigh 
criterion (1,2), 'YR. defines the resolution of the magnified image as the smallest distance 
between two point objects so that they appear distinct. This is a function of the numerical 
aperture (NA) of the microscope, the wavelength (A.) oflight and half the angular aperture of 
the light cone captured by the objective (6). The numerical aperture of a microscope is a 
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function of the refractive index (n) of the imaging medium between the objective lens and 
the specimen, such that NA=n(sin 6). In the case of air, n=l. 
In practice therefore, YR =0.6lA.ln(sin 6). [3.1] 
The maximum value for 6 is 90°, while n, the refractive index, can be increased fractionally 
by placing oil between the specimen and the lens. Better resolution can therefore be obtained 
by increasing the numerical aperture and decreasing the wavelength of light. In optical 
microscopes, the latter can be achieved by using coloured filters, such as green, which has a 
wavelength of approximately 510 nm. This is less than white light, which is a combination of 
colours that have a wavelength of up to approx"irnately 700 nm. Ultimately, the wavelength 
of light is the limiting factor in optical microscopy and the theoretical maximum resolution 
from the above equations will be approximately 250 nm. 
3.2.1 Specimen preparation 
To view the grain structure of a sample using an optical microscope, it must first be polished 
using gradually finer grades of SiC paper, starting with approximately 240 grit and ending 
with 1200 grit. The sample is then polished using a diamond-impregnated wheel to a finish 
ofll1I11. 
The sample will have a mirror like surface that will not reveal any grain structure. To view 
the grain structure, the sample must then be etched to reveal the structure of a steel. A variety 
of etches exist (3) and several were used in an attempt to find the best for use with P91. 
To highlight prior austenite grain boundaries without excessively highlighting intergranular 
precipitation, it was found that an electrochemical etch of 10% chromic acid in water worked 
best. The sample was turned into an anode by applying a current of 5V DC for 
approximately 4 minutes. A platinum or stainless steel cathode was used. Agitation of the 
electrolyte during etching was found to enhance the prior austenite grain boundary 
definition. Samples could then be photographed and optical images of up to 1000x 
magnification could then be obtained. To highlight intergranular and grain boundary 
precipitation, Villela's reagent, a solution of 1 g picric acid and 5 ml HCl in 100 ml 
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methanol, was used. Etching in the solution for 10-20 seconds was enough to highlight 
precipitation. 
3.3 Transmission Electron Microscopy 
It has been shown that the limiting factor in optical microscopy is the wavelength of light. In 
electron microscopy, electron beams are used instead of light. The wavelength of these 
beams can be calculated from first principles (2). 
A. = hip [3.2] 
where 1..= wavelength, h = Planck's constant and p = particle momentum. The kinetic energy 
of an electron, eV, results from its acceleration through a potential drop, V. Potential energy 
is equal to kinetic energy, so 
eV=mo~12 [3.3] 
where mo = electron mass and v = velocity. 
As the momentum of the electron 
p=mov [3.4] 
It follows that 
I..=hlmov [3.5] 
The relationship between the electron wavelength and the acceleration voltage is therefore 
A. = hI(2moeV)112 [3.6] 
When relativistic effects are included, an accelerating voltage of 100keV gives a wavelength 
of 0.00370 nm. The theoretical resolution of the microscope will be a function of Cs, (a 
constant for a particular lens called the spherical aberration coefficient) and the wavelength 
such that: 
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Resolutionmin = 0.91(CsA?)1/4 [3.7] 
A typical value for rmin will be 0.25-0.3 run which can resolve rows of atoms. 
3.3.1 Specimen preparation 
Two different types of sample may be analysed using the TEM: thin foils and carbon 
extraction replicas. 
3.3.1.1 Thin foil specimens 
A thin foil specimen is essentially an extremely thin specimen that allows the transmission of 
the electron beam through it. It is suitable for investigating the fine lath structure of P9l as 
well as the dislocations present as the thin foil sample retains these details. To examine the 
specimens, a Jeol 2000FX transmission electron microscope operating at 200 kV fitted with 
an Oxford Instruments/Link Analytical AN 1O/25S energy dispersive X-ray detector (EDX) 
was used. Some analyses were carried out by an fei F20 Tecnai field emission gun (FEG) 
TEM which was able to achieve a higher resolution as well as being able to detect light 
elements such as nitrogen or carbon. 
Thin foil specimens were prepared by spark eroding 3 mm diameter disks from slices of 
sample approximately 250 J.Un thick. These disks were manually thinned down to 
approximately 50 J.Un. The foils were then twin-jet electro-polished in a solution of 5% 
perchloric acid in methanol cooled to -50°C and using a potential of - 30V DC and a current 
of90mA. 
3.3.1.2 Carbon extraction replicas 
The disadvantage of thin foil specimens is that the iron matrix makes it very difficult to carry 
out energy dispersive X-ray analysis on precipitates, or to take electron diffraction patterns 
from them. The iron rich matrix swamps the X-ray signals from the precipitates, which also 
contain iron. The iron is also magnetic and therefore as the sample is moved to allow 
electron diffraction patterns to be taken from individual precipitates, the electron beam 
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requires constant readjustment. In such circumstances, carbon extraction replicas may be 
used (4). These were prepared by first etching the metal samples in 10% HCI in methanol 
using 3 volts DC to create a lightly etched surface. A thin layer of carbon = 10 mn thick (5) 
was then deposited on the surface in a vacuum chamber and removed by etching again in the 
HCI solution using a potential of 3 volts DC. Sections of the carbon film, with carbides 
embedded in it, are placed on copper grids for viewing. In addition to the loe! 2000 FX, a 
second microscope, an fei F20 Tecnai FEGTEM was used in some of these investigations. 
Two different methods of analysis may be carried out on a carbon extraction replica. 
3.3.1.2.1 Energy dispersive X-ray analysis 
This analysis is able to show the weight percent of elements present in the precipitate. The 
electron beam from the TEM strikes a precipitate. This causes electrons to become excited 
into a higher orbital. As they drop down from excited outer states to ground states, X-rays 
are emitted which are captured using an ANIO-25S Oxford Instruments Energy Dispersive 
X-ray microanalyser. For the EDX analyses, between 30 and 50 particles were typically 
examined randomly from each sample and a live time of at least lOO seconds was used. No 
corrections for the absorption of X-rays was carried out as the thickness of the particles was 
not known and the impracticality of carrying out the corrections for each measured particle 
using the existing software. Characteristic X-ray fluorescence is of second order in 
magnitude to absorption and was therefore also ignored. 
3.3.1.2.2 Electron diffraction patterns 
Analysis of the electron diffraction pattern from a precipitate allows the investigation of its 
crystal structure, which may allow the type of precipitate to be deduced. Analysis of electron 
diffraction patterns is based on the Bragg equation 
t.=2dsinS [3.8] 
where t. is the electron beam wavelength, d is the is the {hkl} spacing of the crystallographic 
planes and S being the angle of the diffracted beam. When an electron beam strikes a 
specimen, the measured distance, R, between the transmitted and the diffracted spots, is 
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related to the camera length, L, by 
tan28=RJL - 28 
From the Bragg equation, AId = 2sin8 - 28. The d spacing can therefore be worked out 
using 
Rd=AL 
Figure 3.1 illustrates the diffraction of the incident electron beam. 
Incident beam 
\D.ffr. I 1 actIOn spots 
Figure 3.1 Diffraction of the incident beam allows the calculation ofthe d·spacing ofa crystal 
[3.9] 
[3.10] 
The lattice spacing, a, of a crystal structure, may then be calculated using the plane-spacing 
equation for a particular structure. For cubic structures, this is equal to 
[3.11] 
This formula changes for close packed hexagonal structures such that 
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[3.12] 
Diffraction patterns therefore allow the lattice spacings of the crystal to be measured and 
referenced using texts such as 'The Handbook of Lattice Spacings' (6). 
3.4 Hardness testing 
Hardness testing was carried out using a Vickers hardness tester. A pyramidal shaped 
diamond indentor is forced into the surface under load. When the indentor is released, the 
diagonals of the diamond shaped indentations are measured. The hardness is given by: 
HD 2F~~(J/2 [3.13] 
where F is the load, 9 = 136°, and D is the mean diagonal length in mm. 
For the experiments carried out on P91, a load of30 kg was used. 
3.5 Bulk extraction of carbides for x-ray analysis 
In the method of extracting precipitates onto carbon films, individual precipitates may be 
subjected to electron diffraction or energy dispersive x-ray analysis. In a similar way, bulk 
extraction of carbides from metallic samples is possible. The resulting powder can be x-
rayed and x-ray diffraction patterns analysed. 
A sample of steel of approximately 0.5 cm3 is immersed in a solution of 10% HCl in 
methanol. 20-30 volts DC is applied to the sample for 2-3 hours such that it becomes the 
anode with respect to a platinum or stainless steel cathode. The voltage and time used will 
depend on the rate at which the metal matrix dissolves. Ambient temperature and heat 
generated by the current causes evaporation of some of the methanol, so topping up the 
solution with methanol is occasionally required. Carbides will be seen to descend to the 
bottom of the container. The solution is then filtered through a 0.02 !lI1l filter such as a 
Whatrnan® Anodisc™ membrane filter. This ensures that all particles larger than 20 nm are 
retained. The powder is subjected to x-ray analysis. The resultant data can be plotted to a 
graph of the scattering angle, 29, versus intensity and compared to data available from the 
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ICDD-JCPDS (7) catalogue that lists various scattering angles and their intensity for different 
crystalline materials. The data is updated periodically. Tables 3.2 to 3.6 present the most 
recent data for some of the precipitates examined in this project. 
29 Intensity h k I 
33.216 lOO I 0 0 
36.041 60 0 0 2 
37.917 80 I 0 I 
49.816 25 I 0 2 
59.350 40 I I 0 
66.054 30 I 0 3 
71.440 25 I I 2 
Table 3.2 AIN, hexagonal structure, a=0.31114 om, c=O.49792 nm. 25-1133 in ICDD-JCPDS (7) catalogue 
29 Intensity h k I 
152.437 100 4 2 0 
51.471 75 2 0 0 
75.747 45 2 2 0 
44.171 20 I I I 
142.363 19 3 3 I 
97.580 17 2 2 2 
92.142 13 3 I I 
Table 3.3 AIN, cubic structure, a=0.412 run. 25-1495 in ICDD-JCPDS (7) catalogue 
29 Intensity h k I 
44.096 lOO 5 I I 
41.460 24 4 2 2 
37.717 23 4 2 2 
50.624 22 5 3 I 
48.265 20 4 4 0 
78.094 15 6 6 2 
51.387 12 6 0 0 
Table 3.4 Cr"C6, cubic structure, a=I.06599 nm. 35-0783 in ICDD-JCPDS (7) catalogue 
29 Intensity h k I 
34.730 100 I I I 
40.316 80 2 0 0 
58.337 35 2 2 0 
69.718 26 3 I I 
100.841 10 4 2 0 
Table 3.5 NbC, cubic structure, a=0.44698 nm. 38-1364 in ICDD-JCPDS (7) catalogue 
29 Intensity h k I 
43.696 lOO 2 2 0 
37.610 66 I I I 
63.521 40 2 2 0 
76.223 17 3 I I 
80281 11 2 2 2 
Table 3.6 VN, cubic structure, a=0.413916 nm. 35-0768 in ICDD-JCPDS (7) catalogue 
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3.6 Grain size measurement 
Grain sizes were determined using the linear intercept method (8). For each sample, 5 fields 
of view at 1000x magnification were used. This allowed the measurement of 40-50 grains 
per field of view. 
3.7 Particle size measurement 
The standard method for particle sizing is the same one used for grain size measurement, 
except that particles are measured instead. Sufficient fields of view are taken to allow for a 
large enough data set. The particles can then be measured manually or subjected to optical 
image analysis. In the case of P9 I, several problems exist. 
Firstly, the MX particles of interest are so small «100 nm) that at magnifications that allow 
high-resolution images to be taken, there are often no more than one or two particles per 
field of view. To obtain a sufficiently large data set, a very large number of photographs 
would have to be taken for each sample. There is the additional problem that the 
morphology of MX particles can be very similar to that of small M23C6 precipitates, so there 
is no possibility of identification without the aid of EDX analysis. The final problem, 
something more pertinent to M23C6 particles that often agglomerate, is that electronic image 
analysers are not capable of differentiating between two overlapping particles. Overlapping 
particles must be separated from one another when measuring them so as to limit the number 
of incorrect readings. 
It was decided to therefore use three different particle size analysis techniques in an attempt 
to compare the different results; in situ particle size analysis, photo correlation spectroscopy 
and manual particle size measurement. 
3.7.1 In situ particle size analysis 
The standard method was considered to be too time consuming and impractical to take many 
photographs of each sample in order to obtain a large enough data set to comply to ASTM 
standards. Instead, the larger axis of particles (known to be MX precipitates with the aid of 
EDX analysis) were measured using the graticule on the TEM screen, thus obtaining a data 
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set of 30-50 particles from each sample. In some cases, the particle to be measured was not 
parallel to the graticule, but it was not difficult to estimate the length of the longest axis 
when the image of the particle was superimposed over the graticule. 
Volume calculations, as illustrated in Figure 3.2 below, assumed that a spherical particle had 
a volume of 4/3 ru3• From inspection, a rod shaped particle was treated as a cylinder with an 
aspect ratio of 4.25: 1. An elliptical shaped particle was treated as a cylinder with an aspect 
ratio of 2: 1. As an example of this, a spherical particle 50 mn in diameter would have a 
volume 4/3x"x253 , a rod shaped particle 50 mn in length would have a volume 
of50x"x (50/4.25)2 while an elliptical shaped particle 75 mn in length would have a volume 
of 75x"x(75/2Y. 
I' 2 -I G 14 4.25 ~I 'H ( ( )::11 
a b c 
Figure 3.2 Equivalent volumes used for sizing particles obtained by inspection for (a) spherical, (b) rod and (c) 
elliptical shaped particles. 
3.7.2 Photo Correlation Spectroscopy 
Tentative steps were taken in utilising a technique for particle sizing normally used for the 
measurement of ceramic or polymeric particles. If viable, such a method could offer a 
tremendous reduction in the amount if time required analysing multiple samples. It would 
also have the advantage of only requiring a small amount of material. Many different 
techniques exist (9) but the method that appeared most suited to the measurement of the small 
carbides present in P9l was Photo Correlation Spectroscopy (PCS), sometimes referred to as 
Dynamic Light Scattering, a technique used by Christison Scientific (10). Light, such as from 
a laser beam, is directed at particles suspended in solution. The scattered light will vary in 
intensity due to the random Brownian movement of the particles. The intensity of the 
reflected light is monitored as a function of time. In the case of the instrument used by 
Christison Scientific, the NICOMP 380, an inverse Laplace Transform is then used to derive 
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a particle size distribution from this data (I I). Figure 3.3 is a diagrammatic representation of a 
photo correlation spectrometer. 
, 
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Figure 3.3 Diagrammatic representation of photo correlation spectroscopy equipment. After Alien (12) 
pes has the advantage of being able to measure particles as small as one nanometer, while 
some manufacturers claim sub-nanometer resolution (13). This technique may also allow the 
measurement of multi-modal distributions in a sample, if they exist. It has the disadvantage 
ofrelying on complex mathematical algorithms that assume certain simplifications and it is 
also not suitable for measuring particles greater than approximately 5 J.Il1l in size. In addition, 
non-spherical shaped particles may introduce errors into the final results. A certain amount 
of prior knowledge about the sample is therefore required. 
Extraction of carbides was undertaken as for the bulk extraction of carbides for x-ray 
analysis (see section 3.5). The filter paper with the carbides was then placed in a sealable vial 
containing approximately 10 cm3 of deionised water and exposed to an ultrasonic bath to 
remove the precipitates. The solution, with the carbides in suspension, was pre-filtered 
through a 1.2 J.Il1l filter to ensure that there were no agglomerated particles, subjected to 15 
minutes of sonation in an ultrasound bath to break up any existing agglomerations and then 
analysed. The data was then presented on histograms to present the particle size distribution. 
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3.7.3 Manual particle size analysis 
In an effort to assess the accuracy of both the above particle size analysis techniques, manual 
measurement of particles was also carried out. 
TEM micrographs of carbon replicas were taken at 20,000x magnification. For each sample, 
one photograph was taken which contained approximately 100 particles. Each particle was 
measured along the shortest and longest axis, and the mean of the result was used as an 
indication of the diameter of each particles. These data were then presented in histograms. 
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4 Microstructural characteristics of P91 steel 
It became apparent from the literature review that the microstructure of P91 steel may vary 
according to its pre-service heat treatment. In order to carry out further experiments on the 
steel, it became necessary to first understand what the optical and hardness characteristics of 
'standard' P91 were. These characteristics could then form the basis for comparing samples 
subjected to 'non-standard' heat treatment or consisting of a 'non-standard' chemical 
composition. Once the basis for comparison was set, investigations were then carried out to 
assess the pre-service heat treatment of ex-plant material P91 using optical image analysis 
methods. One such method may rely on the use of acetate replicas. 
This chapter therefore aims to characterise the microstructure of P91 and to find an optical 
method to assess the thermal history of the steel and the pre-service heat treatment. 
4.1 Material 
The materials used for the initial microstructural assessment were manufactured by Valourec 
& Mannesmann Tubes. The pipes had been normalised (N) for 30 minutes at temperatures 
between 1050°C and 1070°C and then tempered (T) between 60 minutes at 760°C and 120 
minutes at 760°C. The various characteristics of the samples, as provided by the 
manufacturer, are presented in Table 4.1. 
Sample Outer diameter Width Normalising Tempering_ 
a 220 mm 29 mm 30 minutes at 1060°C 120 minutes at 760°C 
b 33.7 mm 4.5 mm 30 minutes at 1070°C 60 minutes at 770°C 
c 220 mm 29 mm 30 minutes at 1060°C 120 minutes at 760°C 
d 220 mm 29 mm 30 minutes at 1060°C 120 minutes at 760°C 
e 457 mm 17.5 mm 30 minutes at 1050°C 60 minutes at 760°C 
Table 4.1 P91 samples obtained for analysis, showing dimensions and pre-service heat treatments 
The material used for the subsequent optical image analysis were samples of main steam 
pipe, hot reheat pipe and boiler tubing removed from plant for inspection. These samples are 
presented in Table 4.2. 
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Sample Description 
I Inlet header, end cap and weld 
2 superheater endcap 
3 superheater side endcap 
4 superheater intermediate header 
5 superheater intermediate header 
6 superheater intermediate header 
7 superheater outlet header 
8 superheater outlet header 
9 superheater outlet header 
Table 4.2 Ex-plant material used for optical image analysis 
All the material used in these experiments was of a standard P91 chemical composition. 
Table 4.3 presents the chemical composition as supplied by the manufacturer. 
C Si MD P S Cr Mo Ni AI Nb V N 
Min. 0.08 0.20 0.30 . . 8.00 0.85 . . 0.06 0.18 0.030 
I Max. 0.12 0.50 0.60 0.020 0.010 9.50 1.05 0.40 0.040 0.10 0.25 0.070 
Table 4.3 Chemical composition ofP91, wt. %, balance Fe. After Haarmann et a/(I) 
4.2 Experimental procedures 
4.2.1 P91 characterisation 
The experimental methods used in this chapter have been discussed III more detail in 
Chapter 3. Optical photomicrographs were taken at 1000x magnification of samples that had 
been etched using an electrolytic etch of 10% chromic acid in water. 
Accurate grain size measurements of these optical micrographs were made using the linear 
intercept method. However, due to the small grain size and the difficulty in identifying prior 
austenite grain boundaries at lower magnifications, it was not always possible to measure 
grain sizes to the ASTM standard, which specifies 50 linear intercepts on one or more 
continuous lines per field of view. However, in most cases, 40-50 intercepts were identified 
per field of view. 
Vickers hardness testing using a load of 30 kg was carried out. An average of 3 indentations 
were taken from the cross section of the bulk material at least 5 mm away from the inner and 
outer surfaces. In the case of sample (b) (Table 4.1), this was not possible due to the width of 
the pipe and so readings were taken from the midpoint between the inner and outer surfaces. 
A comparison of hardness results from equipment at Loughborough University and Power 
Technology was carried out in order to assess the accuracy of both Vickers hardness 
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machines for future experiments. Chemical spark analysis was carried out to confirm the 
accuracy ofthe manufacturer's supplied chemical data. 
4.2.2 Optical image analysis 
Experiments to assess the feasibility of using optical image analysis techniques on the 
characterisation of the P91 microstructure were carried out. Initially, efforts were made to 
quantifY the effects that varying the conditions under which optical photomicrographs are 
taken would have on the results obtained from optical image analysis. A simple parameter 
was chosen to differentiate between the various photographs. This was the amount of black 
space present as a percentage of the overall area of the photograph. 
4.2.2.1 Effects of etching times and negative exposure 
To begin with, the effects of etching time and negative exposure on the photomicrographs 
had to be standardised. This was done by investigating a single sample. Sample 7 was 
polished using the standard method (see Chapter 3) then etched in Vilella's reagent for 5, 10 
and 15 seconds. After each etch, 1000x magnification images were taken for the sample at 
different exposure times. This was done by changing the DIN setting on the camera to DIN 
26, DIN 28 and DIN 30. A green filter was used to improve the resolution and the Polaroid 
film was type 53, ISO 800/30, 4"x 5" negatives. The Polaroid images of the P91 
microstructures were then analysed using a Leica Cambridge Q570 Digital Image Analyser 
coupled to a Tarnron 28 to 80mm macro zoom lens and running Lieca Qbasic software on a 
386SX computer processor, with a maths co-processor and 8Mb RAM and 8Mb of 
separate image store boards. Details of the operational procedure used for the Quantimet are 
found in Appendix 1. 
4.2.2.2 Effects of magnification 
The effects of the magnification at which the photomicrographs were taken on the amount of 
black space detected was also investigated. This was done by repolishing and re-etching 
sample 7 for 10 seconds. Camera exposure was set to DIN 28. Three photographs at each 
magnification of 20x, 200x, 500x and 1000x were taken. The final amount of black space 
detected at each magnification was the average of the three photomicrographs. 
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4.2.2.3 Analysis of black space as a function of hardness 
Once the parameters for conducting further experiments were identified, more ex-plant P91 
samples were photographed using this standard set of conditions. Three separate 
photomicrographs of each ex-plant material sample were taken and the average black space 
reading was measured. The average black space readings were then compared to measured 
Vickers hardnesses. 
The reproducibility of the technique was also assessed by re-polishing and re-etching three 
random ex-plant samples, photographing them three times each and analysing the black 
space content of their photomicrographs to present an average black space reading for each 
sample. 
4.2.2.4 Comparison of black space and hardness data from acetate replicas and laboratory 
samples 
Acetate replicas are often used to take samples from power plant material still in situ for 
optical analysis. The method involves preparing the metal surface as for optical analysis, and 
then applying a thin layer of acetate that moulds to the topography of the sample after the 
application of a solvent to soften the acetate. The acetate layer now replicates the surface that 
it had been placed upon and can be analysed under an optical microscope to show 
precipitation or creep cavitation damage, just as in a normal metal sample. This method can 
highlight degradation of the microstructure without the need for taking metal samples and is 
often used in conjunction with in situ hardness testing in an attempt to assess the 
performance of the steel. 
Acetate replicas of the ex-plant material samples presented in Table 4.2 had been made 
whilst the material was still in situ. Hardness measurements of these areas had also been 
taken in situ. Optical photomicrographs of these acetate replicas were taken and subjected to 
the same image analysis techniques used on metal laboratory samples. The hardness and 
black space readings of the laboratory samples were then compared to the black space 
readings of the acetate replicas and their corresponding metal hardnesses measured in situ. 
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4.3 Results 
4.3.1 Material characterisation 
4.3.1.1 Optical microscopy 
Optical images revealed a typical normalised and tempered martensitic structure of P9 1. This 
consisted of precipitation on martensite lath boundaries and prior-austenite grain boundaries . 
The optical photomicrographs are illustrated in Figure 4.1, a-e. It can be seen in sample (b) 
that an inhomogeneous grain size is apparent, and to a lesser degree in samples (c) and (d) . 
The slightly difference scale used in samples (b) and (e) was due to the di fference in the 
grain size. 
Figure 4.1 P91 samples in the 
normalised and tempered 
condition 
a . N I 060°Cl30 min., T760°C/ 120 
minutes. 
b. N I 070°C/30 min., T770°C/60 
min. 
c. NI 060°C/30 min. , T760°C/60 
min. 
d . N I060°C/30 min., T760°c/120 
min. 
e. N I 050°C/30 min., T760°C/60 
min. 
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4.3. 1.2 Grain size measurements 
Grain size measurements of samples (a) to (e) (Table 4.1) show that the grain sizes fo r the 
samples falls between 10 and 50 microns. Table 4.4 illustrates the results of these 
measurements 
Table 4.4 Grain size measurements of P9 1 samples 
4.3. 1.2 Hardness testing 
The resul ts for the Vickers hardness testing of samples (a) to (e) (Table 4.1) are illustrated in 
Table 4.5. 
Sample a b c d e 
Average HV30 (PTC) 229 238 222 229 221 
Averaoe HV30 LU 231 239 219 233 219 
Table 4.5 Vickers hardness measurements taken at Loughborough University and Power Technology 
It can be seen that hardness measurements at both Loughborough University and Power 
Technology are broadly in agreement, so that future hardness measurement may be taken at 
either location without the concern of inaccurate results . Hardness measurements were below 
the ASTM maximum requirement of 265 HV30, but within the range of 200-270 HV30 
quoted in the literature (2) 
4.3 .1.3 Chemical analysis 
The results for chemical spark analys is are illustrated in Table 4.6 for the five samples. 
Sample C Si Mn P S Cr Mo Ni AI N Nb V 
a 0.11 0 .35 0.47 0.01 7 0.005 8.65 0.94 0.28 0.005 - 0.073 0.217 
b 0.10 0.37 0.47 0.009 0.005 8.90 1.00 0.19 0.0 1 - 0.08 0.19 
c 0.10 0.36 0.47 0.01 2 0.005 8.72 0.95 0.25 <0.01 - 0.07 0.20 
d 0.12 0.37 0.45 0.015 0.008 8.65 0.93 0.25 <0.0 1 - 0.07 0.2 1 
e 0.09 0.33 0.40 0.0 12 0,005 8.67 0.94 0.24 0.01 - 0.06 0. 19 
Manufacturer 0.08 0.20 0.30 0.02 0.01 8.0 to 0.85 0.40 0.040 0.03 0.06 0.18 
specification to to to 9.5 to to to to 
0. 12 0.50 0.60 1.05 0.07 0.10 0.25 
Table 4.6 Chemical compos ition, wt.%, o f P9 1 samples derived by chemical spark analysis compared to 
manufacturer's data (I) . Nitrogen content cannot be measured using spark analysis. 
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It appears that the samples' chemical composition are within the limits specified by the 
manufacturer. 
4.3.2 Optical image analysis 
4.3.2.1 Effect of etchi ng time and exposure 
Figure 4 .2 below is an example of how etching times can effect the photomicrograph of a 
sample. The images are of sample 7 taken at a camera exposure of DIN 30 and at etching 
times of 5, 10 and 15 seconds respectively. 
Figure 4.2 
Ex·plant material sample 7 photographed at a 
camera exposure of DIN 30 wi th varying 
etching times: 
•. 5 second etch in Vi lella's solution 
b. 10 second etch in Vile lla's solution 
c. 15 second etch in Vi lella 's solution 
It can be seen in Figure 4.2 that varying the etching time from 5 to 15 seconds appears to 
visually alter the appearance of the photomicrographs only minimally as prior austeuite grain 
boundaries and martensite lath boundaries in samples (b) and (c) appear only slight ly more 
prominent. Figure 4.3 presents optical photomicrographs of sample 7 taken at various camera 
exposure, or DIN , settings. In this instance, the same area of the sample could be 
photographed. 
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Figure 4.3 
Ex-plant material sample 7 etched for 10 
. seconds in Vilella's solution and 
photographed at varying exposure (DIN) 
settings: 
a . DIN 26 
b. DIN 28 
c. DIN 30 
It can be seen in Figure 4.3 that increasing the exposure from DIN 26 to DIN 30 has a 
marked effect on the appearance of the photomicrographs. Figure 4.3 (a) appears to be 
significant ly lighter than Figure 4.3 (c). 
Table 4.7 presents a summary of the amount of black space that was measured (as a 
percentage of the total surface area of the photograph analysed) in sample 7 under different 
etching and exposure conditions. 
Sample preparation conditions % black space 
15 second etch, DIN 30 38.6 
15 second etch, DI N 28 33.4 
15 second etch, DIN 26 28.2 
10 second etch, DI N 30 36.2 
10 second etch, DI N 28 32.8 
10 second etch, DI N 26 29.9 
5 second etch, DIN 30 34.5 
Table 4.7 Effect of etching time and exposure on the amount of black space measured in sample 7. Values in 
bold indicate that the picture was taken from exactly the same location on the specimen 
The results indicate that significantly different readings of black space are obtained when 
varying negative exposure times even for images taken from exactly the same area on the 
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metal sample. A difference of up to 10 % black space was obtained when changing the 
exposure settings from DfN 26 to DfN 30 for the sample etched for 15 seconds for example. 
A smaller variation on the amount of black space measured was obtained when varYll1g 
etching times. For sample 7 photographed at an exposure of DlN 30, there was a difference 
of 4.1 % between the 5 and 15 second etch. This reduced to a 0.6% difference when the 
sample was photographed at DIN 28 and etched fo r 10 or 15 seconds. An increase in etching 
time did not necessarily result in a greater amount of black space detected. For example, at a 
camera exposure of DfN 26, 29.9% black space was detected after a 10 second etch 
compared to only 28.2% black space after a 15 second etch. 
4.3.2.2 Effects of magnification 
Figure 4.4 below is of sample 7 photographed at different magnifications, from 20x to 
1000x. An exposure setting of DfN 28 and a 10 second etch in Vilella' s solution was used. 
Figure 4.4 Sample 7 photographed at different magnifications after being etched for 10 seconds in Vilella's and 
exposed at a camera setting of DIN 28. Magn ification of a: 20x, b: 200x, c: 500x and d: IOOOx 
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It can be clearly seen without the aid of optical image analysis that varying the magnification 
may have an effect on the total amount of black space detected. 
Table 4.8 presents a summary of the results for the amount of black space detected in sample 
7 at different magnifications. 
Magnification A vcrage black space detected, % 
20 26.4± 1 
200 41.1±2 
500 37 .1 ±2 
1000 3 1.1±2 
Table 4.8 Effect of magnification on the amount of black space detected in ex-plant material sample 7 
The results in Table 4.8 showed that varying the magnification results in significant variation 
in the amount of black space detected. Only 25.8% was detected at 20x magnification while 
as much as 42.4% was detected at 200x magnification. There did not appear to be a 
particular relationship between magnification and the amount of black space detected, but at 
lower magnifications, a larger surface area was analysed but poor resolution meant that the 
precipitation was not often distinguished from the shading present in photomicrographs. At 
higher magnification , better resolution is apparent but a much smaller area of a sample was 
analysed. It was therefore decided to continue the experiments using a magnification of 
1000x due to the better resolution obtained as well as the fact that the amount of black space 
detected appears to be midway between that detected at the other magnifications. 
The least amount of difference in the black space detected was when the sample was etched 
for 10 seconds and photographed at an exposure of DIN 28. In addition, at DIN 26 camera 
exposure setting, the images appeared very light in colour, while at DIN 30, they appeared 
very dark. Etching time was therefore set to be 10 seconds and DIN 28 was selected as an 
appropriate exposure setting for future experiments. 
4.3.2.3 Analysis of black space as a function of hardness 
The results of black space analysis of the ex-plant material (Table 4.2) using the parameters 
set above is illustrated in Table 4.9 below. The readings for the three random samples after 
re-preparation and re-analysis are presented in the column entitled "% Black space 
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reproducibility test". 
Sample Lab hardness, HV30 % Black space % Black space reproducibility test 
I 20 1 33.0± I -
2 200.5 33 .4 + I 31.9 ± I 
3 195 32.3 + 2 -
4 192 28.6 + 2 -
5 192 28.4 + I 28.3 ± I 
6 192 29.9± I 28. 1 ± I 
7 190 31. 1±2 -
8 190 28.4 + I -
9 192.5 32.0± 2 -
Table 4.9 Hardness versus average black space 
It can be seen from Table 4.9 that hardness values vary between 190 HV30 and 20 I HV30, a 
difference of less than 6%. Black space readings vary between 28.4% and 33.4%. 
The data from Table 4.9 was plotted in Figure 4.5, which compares the black space readings 
of the samples to their corresponding hardnesses. 
34 
• 
• 
33 • 
• 
Q) 32 
u • • 
ro 
Cl. • 
I/) 31 • 
.0.:. 
U 
ro 
ell 30 • ~ 0 
29 
• 
• • 28 • 
186 188 190 192 194 196 198 200 202 
Hardness, HV30 
Figure 4.5 The percentage of black space measured in ex-plant materia l compared to Vickers hardness 
measurements for laboratory prepared samples 
The above figure shows that an increase In hardness is accompanied by a corresponding 
increase in the amount of black space detected in laboratory prepared samples. However, 
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there appears to be a significant amount of scatter. 
For the three samples re-prepared and re-analysed for the reproducibility test, up to 1.9% 
di fference in black space was measured compared to the flrst analysis in sample 6. 
4.3 .2.4 Comparison of black space and hardness data from acetate replicas and laboratory 
samples 
Figure 4.6 presents the results of black space and hardness measurements taken from the ex-
plant material prepared in the laboratory and compares them to black space measured from 
acetate replicas and their corresponding in si tu hardness. 
• Laboratory measured hardness 
and black space 
• Acetate replica black space 
50 and in situ hardness • 
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Q) • • u ~ 40 
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Figure 4.6 Black space and hardness measurements for laboratory prepared ex-plant material versus acetale 
replica black space and in situ hardness measurements 
The results show that on average approximately 7% more black space was detected in acetate 
replicas have than laboratory prepared samples. 
Where samples had both in situ and laboratory hardness measurements taken, these sets of 
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data were compared in order to assess the accuracy of in situ hardness measurements. The 
results for seven such samples can be seen in Figure 4.7. 
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Pigure 4.7 A comparison of ill si lll and laboratory hardness measurements for selected samples 
It is apparent from Figure 4.7 that laboratory hardnesses for this subset of seven samples are 
almost all greater than in situ hardness measurements except in samples 2 and 9. The 
laboratory hardnesses measured 4 HV30 and 0.5 HV30 points less respectively. 
4.4 Discussion 
4.4. J Material characterisation 
Samples (a-e) (Table 4.1) were analysed in order to be used as a basis for comparison in later 
experiments. Grain size, hardness and chemical composition play an important role in the 
final creep strength of the material, so it would be useful to analyse the characteristi cs of 
what is deemed to be ' standard ' material in order to be able to exclude or pick put 'non-
standard' in future experiments. ' Standard' material therefore appears 10 have several 
characteristics: 
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• Heat treatment consists of an initial nonnalising temperature of about 1060°C for 
30 minutes or equivalent. The nonnalising heat treatment will also depend on the 
size of the sample as larger samples may require additional heating in order to 
ensure that the outer surfaces and the core of the material receive a similar 
treatment. 
• An initial tempering temperature of about 760°C for 120 minutes or equivalent. 
• A grain size of about 20 1Jll1, but increasing in size and becoming more 
inhomogeneous with greater nonnalising temperatures (3). Grain boundaries are 
visible and complete, while precipitation is evident on martensite lath boundaries 
• A hardness of about 220 HV30 taken from the bulk of the material 
• A chemical composition that does not fall outside those limits specified by the 
manufacturer (I). In this case, it appears that for all the elements measured except 
aluminium, the chemical composition is within the specified limits. Only sample 
(a) had an aluminium content, at 0.005 wt.%, that was significantly lower than the 
0.04 wt. % maximum limit. It is unclear at this stage whether of not material with 
a higher aluminium content, such as the 0.01 wt.% present in the other samples, 
can be regarded as 'standard', but the effects of a high aluminium content will be 
discussed further in Chapter 7. 
4.4.2 Optical image analysis 
4.4.2.1 Variability of the image analysis technique 
Initial experimentation was aimed at reducing the amount of variability inherent in the 
technique of optical image analysis. This variability may be as a result of sample preparation, 
etchant strength, magnification of photomicrographs, exposure time of photomicrographs, 
ambient light and the magnification at which the images are captured by the image analysis 
hardware itself. 
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The variables that could easily be standardised were etching time, the magnification and 
exposure at which the photomicrographs were taken, while ambient light is controlled by the 
Quantimet. It can be seen in Tables 4.7 and 4.8 that these variables have very significant 
effects on the optical image analysis results. Quite minor variations in the conditions under 
which the photographs were taken produced different readings of black space, even for 
exactly the same image. Greater etching times helped over-etch grain boundaries, making 
them more prominent and therefore increased the area of black space present. Overexposure 
of the photographs created a darker image which similarly translated into greater black space 
readings. 
It was also apparent from the results in Tables' 4.7 & 4.8 that the technique suffered from 
poor reproducibility. It can be seen in Table 4.9 for example that for sample 2, the second 
measurement detected 1.5% more black space than the first, while for samples 5 and 6, 0.1 
and 1.8 % less black space was detected respectively. Although the numbers involved appear 
quite small, with the range of black space readings in Table 4.9 varying between 28.4% and 
33.4%, such minor differences of only a few percentage points in black space reading 
translate into a large overlap between data. 
4.4.2.2 Black space as a function of hardness 
The general trend is an increase of laboratory specimen black space with laboratory 
hardness, as can be seen in Figure 4.5. An increase in the amount of precipitation in a sample 
will result in an increase in the hardness of the material, so that such a trend is not surprising. 
It is not entirely clear from these results though, that black space is simply an indicator ofthe 
amount of precipitation present in a sample. This is because on average, each 
photomicrograph contains about 30% black space, but thermodynamic modelling ofP9! will 
show in Chapters 5 and 6 that P9! only contains about 2 wt.% of M23C6 and MX 
precipitates. Clearly, the amount of black space detected does not therefore only reflect the 
amount of precipitation present. 
There may be several reasons for this. Grain boundaries are highlighted when etched and 
these will appear dark in any optical photomicrographs. It is possible that overetching will 
result in more than one layer of material being exposed. Etching will also erode material 
around embedded precipitates thus creating a 'shadowing' effect. These factors will all aid in 
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increasing the amount of black space present in a photomicrograph. 
A clearer indication of the above factors is the presence of a large amount of scatter when 
plotting black space versus hardness. This can be seen in Figures 4.5 and 4.6. The scatter in 
the results means that it would not be possible to predict the amount of black space that 
should be expected from a sample exhibiting a certain hardness, or vice versa. 
Testing has shown that photomicrographs of acetate replicas contain about 7% more black 
space than photomicrographs of laboratory prepared samples (Figure 4.6). The general trend 
indicates an increase in acetate replica black space occurs with an increase in hardness. The 
greater amount of black space detected in acetate replicas when compared to laboratory 
prepared samples may be due to increase in the amount of error that is inherent in 
photographing what amounts to only a copy of a sample. It is therefore not possible to 
directly compare the black space of acetate replicas taken from material in situ and 
laboratory samples. 
4.4.2.3 Comparison of in situ and laboratory hardnesses 
For all samples except 2 and 9, in situ hardnesses were lower than laboratory Vickers 
hardness measurements (Figure 4.7). In both of these cases, the laboratory hardness was only 
slightly less than the in situ hardness. This would mean that, if inherent reproducibility 
problems in the measurement of black space are alleviated, or another parameter is measured 
using optical image analysis, the accuracy of in situ hardness measurement should be 
considered fairly good as a basis for comparison. 
4.5 Summary 
4.5.1 P91 characterisation 
Optical analysis of normalised and tempered pre-service P91 appears to show that the 
material typically has a grain size of about 15 1Jll1, increasing in size and inhomogeneity with 
increasing normalising temperature. Hardness testing appears to reveal a hardness of about 
220 HV30 in the bulk material. Manufacturer's supplied data for the chemical composition 
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of the material is within the manufacturer's limits. In sample (a) (Table 4.6) however, the 
measured aluminium content at 0.005 wt.% was much lower than the latter four. The effects 
if this on P9! steel will be discussed in Chapter 7 in further detail. 
4.5.2 Optical image analysis 
There is a general trend of increasing black space being detected with increasing hardness in 
laboratory prepared samples and for in situ prepared acetate replicas and their corresponding 
hardness and black space values. 
The main problem with the detection of black space is the subjective nature of the analysis. 
For example, a 10 second etch in Vilella's reagent was used to highlight precipitation, but 
experience has shown that different batches of etchant sometimes etch to a greater or lesser 
extent at the same etching time. This will result in grain boundary and inter granular 
precipitation appearing darker than for a lighter etch. Similarly, the same microscope was 
used to take the optical micrographs in these experiments, but experience has also shown that 
images of varying quality may be obtained with different microscopes. At lower 
magnifications, a much larger, and therefore more representative area of sample can be 
analysed, but this reduces the resolution of the images. Different operators may also choose 
different areas of samples as representative of the bulk material. Typically, only 3 
photomicrographs were analysed for each sample in these experiments, but a much larger 
number of images needs to be analysed to obtain more accurate data. 
The results also do not seem to be entirely reproducible, with varying black space readings 
even for the same image. Errors that are therefore apparently inherent in the technique 
indicate that many data points are required to produce meaningful trends and those data 
points must span a significant change in hardness, preferabl y no less than 50 HV points. 
The number of problems faced increase when analysing optical photomicrographs of acetate 
replicas. Not only is the acetate replica a reproduction of the original microstructure, but also 
the quality of preparation of that replica will depend on other factors as well, such as the 
experience of the operator and surface finish of the in situ sample etc. It is quite clear that 
this only adds variability to the technique, while results clearly indicate that more black 
space is detected from optical photomicrographs of acetate replicas than from optical 
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photomicrographs of the original metal samples. As the very basis for considering this 
technique is the relative ease with which non-destructive sample analysis can be carried out, 
this further reduces the possibility of using this technique to easily assess the microstructure 
of the material. 
The use of black space may therefore be a useful but very crude indicator of surface quality 
of in situ prepared samples. Further controlled experiments should be carried out to verify 
the results obtained in this chapter due to the scatter inherent in them. Other characteristics of 
optical micrographs of P91 samples, such as martensite lath width as a function of hardness, 
may also be considered for future analysis. 
The literature has indicated the importance of small MX precipitates on the creep strength of 
the material. These precipitates are too small to be visible in optical macrographs, so future 
experiments conducted in this thesis will therefore concentrate on analysis of the effects that 
heat treatment may have on these precipitates as this has the potential to reveal more 
reproducible trends. 
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5 Effects of long term aging on MX precipitates in P91 
It has been shown in Chapter 4 that simple techniques utilizing optical image analysis are not 
entirely reproducible for the purposes of assessing either the thermal history of the steel or its 
pre-service heat treatments mainly as a result of the insufficient resolution of optical 
microscopy. 
It has, however, been proposed that changes in the chemical composition of carbides in 
precipitate-strengthened steels during service may be used to assess their thermal history. A 
number of studies have been carried out on the effects of time and temperature on the change 
in precipitate composition in various steels. ~arruthers and Collins (1) investigated the 
changes in chemical composition of the M3C phase in a 0.5 wt.% Cr-O.5 wt.% Mo-0.25 wt.% 
V steel. Thomson et at (2,3,4) have looked at carbides in 0.5 wt.% Cr, 2.25 wt.% Cr and 12 
wt.% Cr steels as a method of remanent creep life assessment, while Vodarek and 
Strang (5) have looked at the changes in the MX, M2X and M23C6 in 12CrMoVNb steel. The 
chemical composition of MX particles in 18-12 type austenitic steels has also been studied 
by Andren et at (6). No substantial studies appear to have been carried out on the effects of 
ageing and initial pre-service heat treatments on the composition of MX precipitates in P91, 
or the possibility of using such data as a method of assessing the thermal history of the steel. 
The purpose of this investigation is to determine whether there are any substantial changes 
with respect to the M23C6 and MX precipitates during extended tempering, and therefore to 
assess their suitability in mapping the thermal history ofP91. 
5.1 Materials 
The P91 pipe material used in this research was supplied in the normalised and tempered 
condition by Power Technology, Powergen. The initial pre-service heat treatment comprised 
of normalising at 1040°C for 1.5 hours, followed by air cooling to room temperature. 
Tempering was then carried out at 760°C for 2.5 hours and again samples were air-cooled. 
The chemical composition is shown in Table 5.1. Samples of this normalised and tempered 
material were then subjected to long term thermal ageing treatments between 575°C and 
750°C for times ranging from 1 to 8360 hours. 
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C Si Mn P S Cr Mo Ni Al N 
0.09 0.33 0.44 0.008 <0.005 8.66 0.94 0.09 0.003 0.04 
B Co Cu Nb Pb Sn Ti V W Fe 
<0.001 0.02 0.03 0.06 <0.01 <0.01 <0.01 0.25 0.03 Balance 
Table 5.1 Chemical composition ofthe P91 steel derived from spark analysis, weight % 
5.2 Experimental methods 
For optical metallography, etching of the samples was carried out using an electrolytic etch 
of 10% chromic acid in water. A current of 5 V d.c. was applied for approximately 4 minutes 
and a platinum cathode was used. 
For transmission electron microscopy, carbon extraction replicas were used (see Chapter 3). 
These were then examined using a Jeol 2000FX transmission electron microscope operating 
at 200 kV fitted with an Oxford Instruments/Link Analytical AN 1O/25S energy dispersive 
X-ray detector (EDX). In addition, some analyses were carried out using an fei F20 Tecnai 
field emission gun (FEG) TEM. For the EDX analyses, between 30 and 50 particles were 
examined randomly from each sample. Statistical analysis of variance (ANOVA) and t-tests 
were used to confirm the validity of measured differences in the results. All error bars for 
chemical composition, particle size and grain size measurements in this and subsequent 
chapters represent standard deviations. 
Vickers hardness measurements were made using a 30 kg load. Thermodynamic modelling 
was carried out using the software package MTDATA (7) in conjunction with the TCFE (8) 
database optimised for steels. 
5.3 Results 
5.3.1 Microstructure 
The microstructure of all samples aged between 575°C and 750°C comprised of tempered 
martensite containing fine MX and larger M23C6 precipitates. An optical micrograph of a 
sample in the initial pre-service condition, i.e. after normalising at 1040°C for 1.5 hours 
followed by tempering at 760°C for 2.5 hours prior to long term ageing, is presented in 
Figure 5.1. The martensite lath structure can be distinguished within prior austenite grains, 
which have a mean size of approximately 11 1J.!I1. 
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Figure 5.1 Optical micrograph illustrating the martensitic structure of steel P91 and prior austenite grain 
boundaries after a standard pre-service heat treatment at 1040' C for 1.5 hours followed by tempering at 760' C 
for 2.5 hours 
On extended agmg, a gradua l ' disintegration ' of the lath structure and coarsenmg of 
precipitates was observed optically, as expected. This can be seen on Figure 5.2, which is an 
optical micrograph of samples aged between I and 8360 hours at 750°C. 
Figure 5.2 Optica l micrographs of samples normalized at 1040' C for 1.5 hours, tempered at 760°C for 2.5 
hours then aged at 750' C for (a) I, (b) 100, (c) 1000 and (d) 8360 hours 
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The change in the microstructure of P91 was accompanied by a change in hardness, which is 
often considered as a relatively simple indicator of thermal softening. Therefore, hardness 
data for all of the P91 samples normalised and tempered then thermally aged at temperatures 
between 575°C and 750°C and times up to 8360 hours are presented in Figure 5.3, plotted as 
a function of a Larson-Miller parameter where C=20 . 
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Figure 5.3 Vickers hardness measurements for all samples aged in the temperature range 575°C to 750°C at 
times between I and 8360 hours plotted as a function of Larson-Miller parameter, C=20 
It can be seen that even for relatively extended ageing the hardnesses are in the range 210-
220 HV30, with hardness not dropping below 200 HV30 until after severe thermal ageing, 
such as at n5°C after 1000 hours or 750°C after 100 hours. 
5.3.2 Calculated thermodynamic equilibrium composition of P91 
Figure 504 represents the predicted equi librium phases of P91 using the chemjcal 
composition in Table 5.1. It can be seen that ferrite , austerute, MX, AIN and M23C6 occur at 
various temperatures. A miscibility gap of 2 was used to calculate the fcc phases which 
i.ncluded the austenite, two possible variations on the MX precipitate, (V,Nb)( ,C) and 
(Nb,V)(C,N) and finally M23C6. 
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Figure 5.4 Phases predicted to exist in P9 1 at thermodynamic equilibrium 
It can be seen that up to 2 Wl.% Mn C6 is predicted to exist In ferrite and as the 
transformation of ferrite to austenite is completed at 850°C, so does the di ssolution ofM2JC6. 
At a temperature of 1250°C, delta fe rrite begins to appear. A1urninum nitride is predicted to 
exist in quantities less than 0.002 wt.% and dj ssolves completely by 600°C. The MX phase 
constitutes less than 003 wt.% and doe no t appear to separate into (V ,Nb)( ,C) and 
(Nb,V)(C,N), but remains as one phase di so lving completely by I 150°C. 
The equil ibrium chemical compo ition of M2JC6, as a function of temperature, is illustrated 
in Figure 5.5 below. This includes onl y the main constituents and very minor components 
such as manganese « 0.3 Wl.%), njckel « 0.02 wt.%) and tungsten « OJ wt.%) have not 
been included. It can be seen that the equilibrium composition changes with temperature, 
such that chromium di ffuses out of the precipi tate to be replaced by iron_ The carbon content 
is stable while the molybdenum content decreases slightly. An analysis of the molar mass 
equilibrium chemical composition i illu trated in Figure 5.6, which reveals a constant metal 
to carbon ratio of 23 :6_ 
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Figure S.S Pred icted equilibrium chemical composition of M" C. at temperature of 550°C to 850°C 
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Figure 5.6 Pred icted eq ui libriul11l11olar composi tion of M2JC. between the temperatures of 550°C and 850·C 
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Figure 5.7 illustrates the predicted equilibrium chemical composition of the MX phase at 
different temperatures . 
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Figure 5.7 Equilibrium composition ofMX precipitates between the temperatures of 550·C and 11000C 
Minor additions, such as iron « 0.25 wt.%) and molybdenum « 0.06 wt.%) have been 
ignored. The chromium composition, at less than I wt.% has been included as experimental 
data later in this chapter will show that MX particles contain a large amount of chromium 
upon precipitati on. This indicates a fa irly constant carbon, nitrogen and chromium content, 
with niobium increas ingly replac ing vanadium at higher temperatures. An analys is of the 
predicted MX chemical composition at equilibrium, presented as molar fraction versus time, 
is in Figure 5.8. The figure reveals a roughl y I: I ratio of vanadium to nitrogen and a I: I ratio 
of niobium to carbon at 850°C. At higher temperatures, an increase in the niobium content 
and a reduction in the carbon content occur. This coincides w ith the ferrite to austenite phase 
transformation , as a greater amount of carbon is able to reside within the austenitic matrix. 
Conversely, an increase in the nilrogen content begins to occur at 850°C, which may be 
replacing the carbon as it is lost. 
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Figure 5.8 Equilibrium molar composi tion of MX between the temperatures of 550'C and 11 OO'C 
5. 3.3 M]JC6 precipitates 
Figure 5.9 presents low magnification TEM images taken from carbon replicas of samples 
aged for I, 100, 1000 and 8360 hours respectively at 750°C. It clearly shows the distribution 
of the larger Cr-ri ch M23C6 parti cles precipitating primarily on lath and prior austenite grain 
boundaries, which can be seen to coarsen significantly with time. 
The chemical compositions of between 15 and 20 MnC6 particles in each sample were 
determined using EDX analys is. Generally, these compositions were found to be consistent, 
with little scatter. Figure 5. 10 presents a comparison of the measured average chemical 
compositions of the M23C6 particles using EDX analysis in the samples aged for the longest 
time, 8360 hours, at different temperatures and the equilibrium compositions calculated 
using thermodynamic mode ling a a function of temperature. [t can be seen that there is good 
agreement between the two. The pred icted increase in the solubility of Fe in M23C6 as 
temperature increases, at the expense of Cr, is also apparent from the experimental results. 
However, the observed trends are somewhat weaker than those predicted theoretically, and 
experimental scatter makes the Mn C6 composition a poor indicator of the age ing 
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temperature. Measured chemical compositions using EDX in samples aged at 750°C for 
various times are plotted in Figure 5.11. It can be seen that there is no substantial change 
with time in the M2JC6 composition. 
Pigure 5.9 TEM micrographs from carbon repl ica speci mens showing MnC. precipi tate coarsening in P9 1 
samples aged at 750°C for (a) I, (b) I 00, (c) 1000 and (d) 8360 hours respectively after the standard pre-service 
heat treatment 
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Figure 5.11 Changes in the mean measured Cr, Fe and Mo compositions, normalised for the metall ic 
constituents, of M21C. part icles in samples aged at 750°C at times between I and 8360 hours. 
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5.3.4 MX precipilares 
Attention was therefore focus sed on changes occurnng 111 the di stribution of fine M.X 
precipitates as a function of time and temperature. Electron diffraction patterns of these fine 
precipitate , illustrated in Figure 5.12, were found to be consistent with the face centred 
cubic structure ofM.X carbonitrides with a lattice parameter of 0.411 run. 
100 nm 
Figure 5.12 Rod-shaped MX precipitates in a ample of P9 1 and their electron diffraction pattern (inset); 
z= [OI 1], a=0.4 1 I "m 
Typicall y, such precipitates measured 100 run along the longest axis or less. It was observed 
that in the early stages of ageing, at lower temperatures and shorter times, the fine 
precipitates generally were in Ihe form of rods, whereas with extended thermal treatment, the 
precipitates became more spherical. Particles were defined as being rod-shaped if the long 
axis was approximately four times the dianleter, whereas particles where the long axis was 
approximately twice the dianleter were considered to be elliptical. This is illustrated 
quantitatively in Figures 5. 13 and 5. 14 for specimens aged at 750°C for different times, and 
for 8360 hours at temperatures between 600°C and 750°C respectively. 
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Figure 5. 13 Proponion of spherical/elliptical and rod-shaped fin e MX particles in P9 1 aged at 750°C for 8360 
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Figure 5.14 Proponion of spherical/elliptical and rod-shaped fine MX panicles in P9 1 aged for 8360 hours 
between 600°C and 750'C 
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Typically, up to 40 MX particles were analysed per sample and the fi gures show the fraction 
of all of the particles analysed which were assigned by inspection to a rod or spherical (and 
in some cases, elliptical) shape. It can be seen that with increased thermal age ing, the 
morphology of these fine precipitates changed from being rod-shaped to becoming more 
spheri cal or elliptical. After ageing for 8360 hours at 600°C and 650°C the maj oriry of the 
particles remained rod-shaped, whereas after ageing for 1000 hours at 750°C virtually all the 
particles were spherical or elliptical. EDX analysis of the fine MX particles showed the 
chemical composition of the majoriry of the particles after initial tempering to be 
approximately 70 wt.% vanadium, 17 wt.% chromium and 13 wt.% niobium, normalised to 
include only the metallic elements. Nitrogen and carbon data were not available due to the 
presence of a beryllium window of tbe EDX detector. In addition, some niobium-rich MX 
precipitates were identified with as much as 85 wt.% niobium and as little as 15 wt.% 
vanadium and minor additions of other elements. From these results, it was concluded that 
the MX precipi tated after initial tempering in P9 1 was of the form (V,Nb)( N,C), but with the 
presence of a small number of (Nb, V)(C,N). This notation is subsequently used to describe 
the precipitates where the letters in bold highlight the main consti tuents of the metallic and 
non-metallic port ion of the phase. EDX analy es of the MX parti cles in samples which had 
been thennally aged, however, showed a change in the niobium and chromium compositions. 
Figure 5.15 pre ents the mean chemical composition of all of the MX particles, to include 
(V,Nb)(N,C) and (Nb,V)(C,N), analysed as a function of ageing time at 750°C. The initial 
composition of 17 wt.% chromium in particles prec ip itated after I hour at 750°C is reduced 
to 8 wt.% after 8360 hours, whereas the niobium increased from 16 wt.% to 23 wt.%. The 
vanadium concentration remained fa irly stable, increasing slightly from 63 wt.% to 65 wt.%. 
The changes in chemical composition of the MX precipitates are much less pronounced at 
600°C, as presented in Figure 5.16. 
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Figure 5. 15 Mean chemical composition, normalised for the metallic constituent, derived by EDX analyses of 
MX particles aged at 750· fo r up to 8360 hours 
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Figure 5.16 Mean chemical composition, nomlalised for the metallic constituent, derived by EDX analyses of 
MX particles aged at 600·C for up to 8360 hours 
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Chromium was found to increase very slightl y from 14 wl.% after 100 hours to 15 wl.% after 
8360 hours, although this change was within experimental error. Niobium decreased from 21 
wl.% to 18 wt.% and vanadium increased from 62 wl.% to 68 WI.%. over the same time, 
again within the experimental error. It should be noted that although all analysed MX 
particles have been included in the data presented in Figures 5. 15-5. 16, the fact that there are 
a very small number of Nb-rich part'icles in a population of mostly V -rich MX precipitates 
means that the concl usions drawn are the same as those when only the V-rich MX 
precipitates are used, although in the latter case the experimental scatter is reduced as 
expected. Therefore, it has been decided to use the entire MX precipitate distribution for ease 
of comparison with data fo r samples which have not received standard pre-service heat 
treatments . The raw data for the MX chemical composi tion is in Appendix 2. 
A comparison of the mean composi tions of all of the analysed MX precipitates aged between 
600°C and 750°C for 8360 hours is illustrated in Figure 5.17. 
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Figure 5.17 Mean chemical composition, normalised fo r the metallic constituent, derived by EDX ana lyses of 
MX particles aged for 8360 hours at temperatures between 600· C to 750· C 
This showed a clear decrease in tile chromium concentration from 15 wl.% to 8 wt.%, and an 
increase in the niobium concentration from 17 wt.% to 25 wt.%. Vanadium concentrations 
also decreased slightl y from 68 wl. % to 65 wl. %. A comparison of the measured average 
composition of MX particles in P91 samples aged for 8360 hours to equilibrium 
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thermodynamic predictions is presented in Figure 5.18, which showed that the MX 
precipitate compositions are initially far from equilibrium. The calculated equilibrium 
composition of the V-rich MX precipitates was fairly constant in the temperature range 
600·C-750·C, with the predicted normalised composi tion being approximately 77 wi.% V 
and 23 wt.% Nb, with a very low solubility for Cr. It can be seen that as the ageing 
temperature increased, the measured Cr concentration in the particles decreased towards the 
very low levels predicted, with a corresponding increase in the Nb concentration. After 
ageing for 8360 hours at 750·C the experimental and calculated Nb concentrations were 
almost identical , but there was still rather more Cr measured in the particles th.an predicted at 
equilibrium, with the opposite for the V concentration. 
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Pigure 5.18 A comparison between the mean measured composition of MX particles in P91 samples aged for 
8360 hours at temperatures between 600'C and 7500C and those from equil ibrium thermodynamic predictions 
Figure 5.19 illustrates the vanadium and niobiwn composition of all the MX precipitates 
analysed in th.is chapter. It is clear that there is a nearl y linear relationship between the 
vanadium and niobium, so that as the vanadiwn content decreases, the niobium increases. 
This confirm the resul ts obtained in thermodynamic equilibrium calculations (F igures 5.7, 
5. 16 and 5.17) , and shows the intermiscibility of the (Nb,V)(C,N) and (V,Nb)(N,C) phases. 
Table 5.2 illustrates the number of niobium rich particles in each sanlple, and it is c lear that 
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they are very few in number. 
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Figure 5. 19 The vanadium and niobium composition of MX precipitates in all particles analysed in this chapter 
Time, hours Temperature, · C Niobium rich panicles, 010 
83 10 600 3 
83 10 650 10 
8360 700 3 
8360 750 3 
I 750 10 
100 750 0 
1000 750 10 
8360 750 I 
Table 5.2 Percentage of niobium rich particles in all samples analysed in this chapter 
The mean chemical composi tion of all of the MX particles after the various heat treatments 
(600°C -750°C fo r 8360 hours, and I, 100 and 1000 hours at 750°C) was also plotted as a 
function of a Larson-Miller parameter, (T+273)(20+ln t) where T is the temperature in 
degrees centigrade and t is the time in hours, to enable comparison of time and temperature. 
Data for Cr, Nb and V are presented in Figures 5.20-5.22 respectively. The clearest trend is 
for chromium, which consistently decrea es wi th both time and temperature. On the other 
hand, niobium is observed to increase as expected although there is more scatter in the data. 
Changes in vanadium are apparently less sensitive to ageing. Finally, the hardness data 
presented in Figure 5.3 are compared with the measurement of average Cr concentration in 
MX particles for the samples investigated in deta il. The hardness data have been normalised 
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to the initial value of224 HV30 and e r concentration data have been normalised to the initial 
value measured in the MX particle of 15 wt.% prior to extended tempering. The results are 
presented in Figure 5.23. 
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Figure 5.20 Larson-Miller plot of mean chromium content of MX precipitates in the temperature range 600°C 
to 750°C for ageing times between I and 8360 hours 
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Figure 5.21 Larson-Miller plot of mean niobium content of MX precipitates in the temperature range 600°C to 
750°C for ageing times belween I and 8360 hours 
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Figure 5.23 A comparison of the hardness and mean measured Cr content in MX particles which had been aged 
at 750· C for I to 8360 hours and samples aged for 8360 hours between 600· C and 750· C plotted as a function 
of Larson-M iller parameter. The hardness data have been normalised to the initial value of 224 H V30, and the 
Cr concentration to the initial value measured in the MX panicles of 15 Wl.% prior to extended tempering 
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It can be seen that that both hardness changes and MX composition changes appear to follow 
similar kinetics, with an activation energy similar to that for substitutional element diffusion 
(assumed from the use of the constant 20 in the Larson-Miller expression). 
5.3 Discussion 
5.4.1 Effect of long term thermal aging on the microstructure of P91 
Gross changes in the microstructure of thermally aged P91 have been observed under optical 
examination. These changes are illustrated in more detail in the TEM images of the same 
samples, where the MZ3C6 particles approach sizes greater than 1 IJll1 after 8360 hours aging 
at 750°C. Such severe thermal aging is unlikely to be experienced in material in service, yet 
serves a purpose in illustrating the effects of such heat treatment on the microstructure of the 
material. This change in the microstructure was accompanied by a softening of the material, 
as the larger precipitates provide fewer obstacles to the movement of dislocations within the 
material. 
5.4.2 Effect of long term aging on M23C6 chemical composition 
Thermodynamic equilibrium calculations have shown that P91 contains M Z3C6 with a 
constant metal:carbon ratio of 23:6. It was not possible to confirm this ratio from 
experimental results, although it is apparent that the observed experimental results and 
thermodynamically modelled results for the chemical composition of MZ3C6 in thermally 
aged P91 are very similar. Overall, there appears to be little change in the chemical 
composition of this phase, which is consistent with previous results (Z), although small 
amounts of chromium enrichment in MZ3C6 with increased ageing have been noted in 12 
wt.% Cr steels (9.10). Thus, changes in the MZ3C6 composition do not provide a good 
indication of the thermal history of the steel. 
5.4.3 Effect of long term aging on MX chemical composition 
The MX phase has been shown to contain vanadium and nitrogen at a fairly constant ratio, 
and niobium and carbon also at a fairly constant ratio. The chromium composition at 
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equilibrium has been found to be virtually zero. The MX phase appears to precipitate at a 
chemical composition that is not close to thermodynamic equilibrium, as calculated in this 
chapter. Under long term thermal aging, this results in significant changes to its chemical 
composition. The most consistent of these changes is in the chromium content, where a 
nearly linear graph of chromium content has been plotted on a Larson-Miller diagram 
covering the temperature range 600°C to 750°C for ageing times between I and 8360 hours. 
It also appears from the comparison of the reduction in the chromium content with the 
thermal softening of the material (Figure 5.23) that the approach towards an equilibrium 
composition is slow, and can potentially provide a good measure of thermal history 
throughout long term high temperature service. It is also apparent that the measurements of 
the Cr concentration of MX particles show a greater sensitivity and more uniform decrease 
with changes in time and temperature than hardness measurements, which are undoubtedly a 
more complex function of microstructural evolution. It may be possible to utilise these 
differences in investigating situations where components have either softened in service at 
565°C or have experienced an overheat condition to much higher temperatures. 
It may also be possible to utilise the differences in the rate of chromium reduction and 
thermal softening to investigate situations where components have either softened in service 
at 565°C or have experienced an overheat condition to much higher temperatures, as this will 
be reflected in a softer material while the chromium content will not be affected 
significantly. Larson-Miller graphs, and in particular that for Cr, may serve as a standard on 
which chemical data can be superimposed to assess what effects non-standard heat 
treatments may have on the chemical composition. Further investigation will be required to 
determine whether the changes in Cr concentration are sensitive to cast to cast variations in 
chemical composition. 
The intermiscibility of (V,Nb)(N,C) and (Nb,V)(C,N) has been shown both 
thermodynamically (Figure 5.4) and experimentally (Figure 5.19). It is clear that 
(Nb,V)(C,N) is the more stable phase at higher temperatures. This can be seen in Figure 5.17 
that the niobium content appears to increase with increasing temperature. Figure 5.18, which 
is a comparison between the mean measured composition of MX particles in P91 samples 
aged for 8360 hours at temperatures between 600°C and 750°C and those from equilibrium 
thermodynamic predictions also shows that the difference between the predicted and 
experimentally calculated niobium composition decrease with increasing temperature. 
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Figure 5.16 shows the experimentally derived mean chemical composition of MX particles 
and this appears to show an increasing vanadium and decreasing niobium content after 8360 
hours aging at 600·C. This further confirms the stability of (V,Nb)(N,C) at lower 
temperatures. 
MX particles have an effect on the creep strength of the steel, so their change from rods to 
spheres may have a detrimental effect on creep strength (11). This requires further 
investigation in the context of other microstructural changes such as coarsening of the M23C6 
particles and matrix substructure (12). 
5.5 Summary 
Long term ageing promotes a change in the shape of the MX precipitates from a rod to a 
spherical morphology, which may have an effect on the creep strength of the steel. 
Significant amounts of chromium have been observed to deplete from MX precipitates as a 
consequence oflong term thermal ageing in P91 steel. This is a consequence of the approach 
of the chemical composition of the MX precipitates towards thermodynamic equilibrium, 
such that MX particles containing 15 wt.% or more of chromium approach a zero wt.% Cr 
content. There is also a corresponding enrichment in niobium. This change in chemical 
composition may be a useful indicator as to the thermal history of the steel. 
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6 Effects on non-standard pre-service heat treatment on MX 
precipitates 
The effects of thennal ageing on microstructural evolution in P91 subjected to the standard 
nonnalising and tempering heat treatment have been discussed in Chapter 5. 
In Chapter 2 it was seen that Borrgreen (I) had concluded that the hardness of tempered P91 
was only a weak function of the nonnalising temperature and that the as-tempered hardness 
was not a reliable indicator of the nonnalising heat treatment. He similarly found that the 
microstructure, examined optically, was also a weak function of nonnalising temperature 
with some evidence of changes occurring 'above and below the solution treatment 
temperature in the range 940°C to 980°C. However, he observed that creep rupture times for 
samples nonnalised below 940°C were dramatically reduced. 
The purpose of this chapter is to investigate the effect of variation in the initial heat treatment 
parameters on subsequent microstructural development, particularly with respect to fine 
scale precipitation. This could be relevant in the case of thick section components, which 
may experience a range of temperatures during heat treatment across the section. In 
particular, investigations were carried out to determine if material which had received non-
standard pre-service heat treatments initially could be identified after subsequent service. 
The consequences of variation in the initial heat treatment on subsequent development and 
chemical composition of the creep resisting precipitates compared to standard material has 
also been examined. 
6.1 Materials 
The P91 pipe material used in this research was supplied by Power Technology, Powergen 
and is of the same composition as the steel used in Chapter 5. All samples had received an 
initial heat treatment, because as cast material was unavailable, comprised of nonnalising at 
1040°C for 1.5 hours, air cooling to room temperature, then tempering at 760°C for 2.5 hours 
followed again by air cooling. The typical hardness of a sample which had received this 
initial treatment was 224 HV, with a measured grain size of II ± 2 ~. 
The P91 pipe material was then subjected to several re-nonnalising, and re-nonnalising and 
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re-tempering, heat treatments as described in Table 6.1. A careful choice was made in 
respect of the re-normalising temperatures. A lower limit of 900°C was chosen bearing in 
mind that the ACI and AC3 temperatures are 850°C and 880°C respectively (2). 950°C and 
990°C were also chosen as these temperatures were close to the 940°C - 980°C range 
mentioned by Borggreen (1) • 1040°C, the recommended normalising temperature, was also 
included in the additional heat treatments for direct comparison and finally 11 OO°C was 
selected at the top of the temperature range, above which it was thought there would be 
substantial grain growth (3). All of the samples were therefore re-normalised for 1.5 hours at 
temperatures between 900°C and IIOO°C and subsequently air-cooled to produce a 
martensitic structure. Some samples then underwent an additional re-tempering at 760°C 
between 2.5 and 56 hours, followed again by air-cooling. In order to examine the effects of 
different initial heat treatments on long term ageing, samples which had been re-normalised 
at 950°C and 1040°C for 1.5 hours, and then re-tempered at 760°C for 2.5 hours were also 
further heat treated at 600°C for 3785 and 7828 hours. 
Nonnalising temperature, Hardness after Tempering time and Hardness after Grain size after nonnalising and 
°C, time - 1.5 hrs normalising, HV30 temperature. °C tempering. HV30 tempering. ~m 
900 418 760,2.5 hours 216 -
900 418 760 50 hrs 205 -
950 420 760,2.5 hours 221 9±1 
950 420 760.30 hrs 213 . 
950 420 760,54 hrs 208 -
950 420 760,2.5 hrs. aged 215 -
600'C 3785 
950 420 7602.5 hrs, aged 216 -
600'C. 7828 hrs 
990 435 760, 2.5 hours 221 9±1 
1040 429 760,2.5 hours 221 10±1 
1040 429 760,30 hrs 213 -
1040 429 760,56 hrs 206 -
1040 429 760,2.5 hrs, aged 216 -
600'C 3785 
1040 429 760, 2.5 hrs, aged 218 -
600'C 7828 hrs 
1100 424 760,2.5 hours 222 18±9 
1100 424 760,30 hrs 207 -
1100 424 760.54 hrs 200 -
Table 6.1 Heat treatment variables, hardness and measured prior austenite grain sizes for the re-normalised, and 
re-normalised and re-tempered, P91 samples 
6.2 Experimental Methods 
For optical metallography, etching of the samples was carried out using an electrolytic etch 
of 10% chromic acid in water. A current of 5 V d.c. was applied for approximately 4 minutes 
and a platinum cathode was used. 
97 
Chapter 6 
For transmission electron microscopy, carbon extraction replicas were used (see Chapter 3). 
These were then examined using a Jeol2000FX transmission electron microscope operating 
at 200 kV fitted with an Oxford Instruments/Link Analytical AN 1O/25S energy dispersive 
X-ray detector (EDX). In addition, some analyses were carried out using an fei F20 Tecnai 
field emission gun (FEG) TEM. For the EDX analyses, between 30 and 50 particles were 
examined randomly from each sample. The raw data for the results is presented in 
Appendix 3. 
Thin foil specimens were prepared for transmission electron microscopy by spark eroding 
3 mm diameter disks from slices of sample approximately 250 r.un thick. These disks were 
manually thinned down to approximately 50 Ilm. The foils were then twin-jet electro-
polished in a solution of 5% perchloric acid in methanol cooled to -50°C using liquid 
nitrogen. 
Grain sizes were determined using the linear intercept method (4). Particle size measurements 
were made directly using a graticule on the TEM viewing screen using the in situ method. 
Approximately 50 precipitates were measured in this way for each heat treatment. 
6.3 Results and discussion 
6.3.1 Optical microstructure 
The microstructures of samples in both re-normalised only, and re-normalised and re-
tempered conditions, were examined optically. Figure 6.1 illustrates optical micrographs of 
samples re-normalised at temperatures between 900°C and 1 100°C and air cooled. 
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20/lm 
Pigurc 6.1 Oplical micrograp hs of P9 1 re-
nonnalised for 1.5 hours al: <a) 900°C (b) 
950°C (c) 990°C (d) I040°C (e) IIOO°C 
respeclively and subsequenlly ai r cooled 10 
room temperature. 
It can be clearly seen that at the re-nonnalising temperature of 900°C, and to a lesser extent 
at 950°C, the martensitic lath structure is very fragmented . At both 990°C and I040°C, the 
martensite lath structure becomes much more defined, while at the higher temperature of 
I IOO°C, some very large martensire laths are evident, together with a large prior austen.ite 
grain size. 
Figures 6.2b-f present optical images of the re-normalised and re-tempered material , and for 
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comparison purposes Figure 6.2a is an image of the material in the as-received condition 
before any additional heat treatments were applied. 
20 f..lID 
Figu re 6.2 Optical micrographs of P9 1 (a) as received, and then re-normalised at (b) 900°C (c) 950°C (d) 
990°C (el I 040°C and (I) II OO°C for 1.5 hours, fo llowed by air cooling, and then re-tempered for 2.5 hours at 
760°C, again followed by ai r cooling 
It can be seen in the sample re-normalised at 900°C and then tempered (Figure 6.2b) the 
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prior austenite grains are indistinct and there is little evidence for a defin ed martensite lath 
structure. However, the samples re-normalised at 950°C, 990°C and 1040°C and re-
tempered at 760°C (Figures 6.2c-e respectively) al l appear relatively similar with a 
microstructure comparable to that expected in the a -received condition, Figure 6.2a. The 
sample re-normalised at II OO°C evidently has an inhomogeneous prior austenite gra in size. 
This is clear from Figure 6.3, which plots the measured prior austenite grain size versus 
re-normalising temperature. 
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Figure 6.3 Prior austenite grain size measurements of samples which had been re-nonnalised at various 
temperatures and then subsequen tly tempered at 760°C for 2.5 hours 
At the lower re-normalising temperature of 900°C, it was not possible to measure the prior 
austenite grain size due to the fragmented nature of the grain boundaries, however, between 
the temperatures of 950°C and 1040°C, the grain size increased slightly from 9 ± I ~ to 
10 ± 2 ~ and at 11 OO°C, it reached 18 ± 9 Ilm. It is therefore evident that at the extremes of 
re-normalising, 900°C and I 100°C, the tempered structure examined optically indicates a 
non-standard re-normalising heat treatment due to a fragmented grain structure and an 
inhomogeneous grain size respectively. Samples re-normalised at 990°C and 1040°C and air 
cooled appear relati vely similar, whereas the sample re-normalised at 950°C exhibits a 
slightly less well-defined martensite lath structure in comparison. However, once the 
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samples have received the subsequent tempering treatment at 760°C, the di fferences between 
the three different nom1alising temperatures, 950°C, 990°C and 1040°C, become much less 
apparent. 
6.3.2 Hardness 
Vickers hardness tests were carried out on the re-normalised, and the re-normalised and re-
tempered, material to further assess the effects of the heat treatments. Figure 6.4, showing 
the Vickers hardness as a function of re-normalising temperature, illustrates that at 900°C the 
hardness is 41 8 HV30, which increases slightly at 950°C, and further ri ses to a peak of 
435 HV30 at 990°C and subsequently decreases again to reach 424 HV30 at II OO°C. The 
hardness drop between 990°C and I 100°C is consistent with the observed increase in prior 
austenite grain size (Figure 6.3) as the re-normalising temperature increases. 
Figure 6.4 Vickers hardness of P91 re-normalised ror 1.5 hours at various temperatures and subsequently air 
cooled 
The observed changes in hardness on subsequent re-tempering at 760°C for various times up 
to 56 hours after the different re-nom1alising tTeatments are presented in Figure 6.5. The 
hardnesses of all samples re-tempered at 760°C for 2.5 hours, except the one re-normalised 
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at 900· C ,are close to 221 HV30, which is very similar to that of the as-received sample. 
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Figure 6.S Vickers hardness of samples re-normalised at various temperatures for 1.5 hours, and Lhen subjected 
to tempering times belween 2.5 and 56 hours 
With extended ageing, the hardnesses of the samples re-normalised at both 900· C and 
IIOO· C are consi tently - 5 HV30 below that of the samples re-normalised at 950· C, 990· C 
and 1040· C. It is apparent that the initial variability in the hardness of re-normalised P91 
(Figure 6.4) was not as evident when re-tempering the material (Figure 6.5), except at the 
extremes of re-normalising temperatures when optical microscopy could also provide an 
indication of microstructural di fferences. Therefore, hardness, which is a complex function 
of many factors including the prior austenite grain size, matrix carbon content, martensite 
lath structure, its dislocation density and the extent of any precipitation which may have 
occurred, is likel y to be a poor indicator of smaller deviations under and above the standard 
normalising heat treatments, as indeed observed by Borggreen ( I ) 
6.3.3 Transmission eleclron microscopy 
The P91 samples being re-normalised will already have a tempered martensitic structure that 
contains both M23C6 and M.X precipitates (Chapter 5). The Ael temperature predicted using 
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equilibrium thermodynamic calculations is - 860°C, and the AC3 measured (Z) to be - 880°C, 
therefore it can be assumed that a complete transformation to austenite has occurred during 
re-normalising at 900°C for 1.5 hours. Transmission electron micrographs of thin foi l 
samples presented in Figure 6.6, however, demonstrate that there are significant differences 
in the matrix substructure between the samples re-normalised at (a) 900°C and (b) 1040°C. 
Figure 6.6b illustrates a 'conventional ' martensite lath structure, in which the lath sizes are in 
the range 0.5-0.8 1.1.111, however, such a clearly defi ned lath structure is not apparent in Figure 
6.6a. 
Figure 6.6 TEM micrographs from thin foil samples showing (aJ incomplete martensite lath structure in 
samples normalised at 900°C for 1.5 hours and air cooled, and (bJ a more complete lath structure in samples 
normalised at I0400 C for 1.5 hours and ai r cooled 
TEM micrographs from carbon replicas of the samples re-normalised at 900°C and 1040°C 
are presented in Figures 6.7a and b respectively. It can be seen that coarse precipitates, 
identified as M2lC6, are evident at 900°C which are not present at 950°C. The predicted 
equilibrium solution temperature of the M2lC6 is - 860°C, although clearl y there is a kinetic 
effect resulting in some precipitates remaining after re-normalising at 900°C. The dissolution 
of MZlC6 wi ll release carbon into the matrix , which is a possible explanation for the increase 
in hardness of the sample re-normalised at 950°C compared to that at 900°C. Similar 
phenomena have been observed by Prader and Cerjak (5) and Bruhl et al (6) who conducted 
experiments on the heat affected zones (HAZ) in P91 welds. They found that the peak 
104 
Chapter 6 
temperature during the weld-cycle fell within a range between the ACI and A J , or slightly 
above Ao, resulting in a low carbon martensite with poor creep properties. 
300nm 300nm 
Figure 6.7 TEM micrographs of carbon replicas showi ng (a) a mixture of coarse M" C. and fine MX 
precipitales after normalising al 900· C for 1.5 hours and air cooling, and (b) fine MX precipitates only after 
normalising 1040· C and ai r cool ing. 
The sample re-nom1aJised at I040°C and air cooled contained only a distribution of fine MX 
precipitates. It is recognised that these samples are not in the equilibrium state, nevertheless 
thermodynamic predictions are able to provide an indication of the development of 
precipitates as a function of temperature. The predicted mass fraction of the MX phase 
decreases slightly with increasing temperature and therefore it is likely that as normalising 
proceeds there will be some di ssolution of the MX particles which had originally precipitated 
during earlier tempering at 760· C. 
Finally, Figure 6.8 is of thin foil specimens of samples normalised at 950°C or I040°C then 
tempered for 2.5 hours and or 54 and 56 hours respectively. It can be seen in the images of 
the 2.5 hour tempered material (Figures 6.8a and b) that at both the normalising 
temperatures, the martensite lath structure appears to be very similar, whi le recrystaLLisation 
of the microstructure (Figures 6.8c and d) has also occurred in a very similar fashion. 
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Figure 6.8 Thin foil images of sample (a) nonnalised at 950·C, tempered 760· C 2.5 hours, (b) normalised at 
I040· C, tempered 760· C 2.5 hours, (c) nonnalised at 950· C, tempered 760· C 54 hours and (d) normalised at 
950· C, tempered 760· C 56 hours 
Microstructural investigations have therefore shown that the use of low (900°C) and high 
( I 100°C) re-norrnalislng temperatures can be detected by relatively simple examination, 
however, normalising temperatures of 950°C and 990°C, instead of the usual temperature of 
1040°C, are much more difficult to conclusively establi sh once additional tempering has 
taken place at lower temperatures. It was therefore decided to investigate the effects of 
normalising temperature on MX precipitates and any subsequent effects of tempering on the 
samples initially nonnalised at 950°C and 1040°C in detail. 
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6.3.4 Effects of variation in initial heat treatment on the evolution and chemical 
composition of MX precipitates 
6.3.4. 1 Effect of re-nonualising 
The average chemical compositions of the entire distribution of MX precipitates, measured 
using energy dispersive X-ray analys is (EDX) on carbon replica samples in the TEM, are 
presented in Figure 6.9 as a function of differences in the re-nonualising temperature. 
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Figure 6.9 Mean chemical composition measured using EDX of MX particles in samples which had been re-
normalised at 900· C, 950· C and II OO· C for 1.5 hours and then ai r cooled 
It is clear that the change in normalising temperature has an effect on the chemical 
composition of the MX precipitate , with the particle distribution becoming richer in Nb, at 
the expense of V, towards the higher temperatures. After re-nonnalising at 900· e, the V:Nb 
ratio is 63:27, whereas at II oooe, this trend is reversed with a V:Nb ratio 28:64. 
The compositions of individual precipitates are presented in Figure 6.9, in which the Nb 
content is plotted against the V content for a number of MX particles within the di stTibution 
after different re-normalising treatments. The sample re-normalised at 9000 e can be seen to 
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contain MX particles with a spread of Nb (-0-60 wt.%) and V (- 30-80 wt.%) contents. 
These particles typically also contained - 10-15 wt.% Cr. 
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Figure 6.10 EDX measurements from individual MX precipitates comparing their V and Nb content in samples 
which had been re-normalised at 900°C, 950°C and II OO'C and subsequently air cooled 
As discussed above, these particles will have originally precipitated during tempering at 
760°C and therefore the observed range of compositions is consistent with those discussed in 
Chapter 5, where they were denoted as (V,Nb)(N,C). The sample re-nomlalised at 950°C 
also shows a similar spread of composi tions, although there is a trend that the Nb contents 
are typically higher, and the maximum V content is - 70 wt.%, rather than 80 wt.%, in these 
(V,Nb)(N,C) particles. Figure 6. 10 also shows that in the samples normalised at I 100°C 
these mixed particles have completely di sappeared, wi th the majority of precipitates being 
extremely rich in Nb, typical compositions being - 80-90 wt.% Nb and - 10-20 wt.% V. 
Some precipitates of thi s type were also observed in the sample re-normalised at 950°C. The 
Nb-rich MX particles tended to contain significantly less Cr than the V-rich ones. The 
di ssolution of M23C6 at 950°C and above will release C into the matrix, and therefore it is 
possible that there is new precipitation of these (Nb,V)(C,N) precipitates accompanying the 
108 
Chapter 6 
dissolution of the (V Nb)(N,C) precipitates with higher normalising temperatures, although 
the overall fraction of MX precipitates should continue to decrease wi th increasing 
temperature due to the increased solubili ty of elements in the matrix. 
The predicted chemical composition of the MJ( particles between 550°C and I 100°C has 
already been shown in Figure 5.8 (Chapter 5). The graph shows a fairly constant carbon, 
nitrogen and chromium content in MX precipitates, with niobium increasingly replacing 
vanadium at higher temperatures. Both thermodynamic and experimental data are therefore 
consistent in that the higher the normalising temperature the more Nb-rich the precipitate 
distribution will become. The predicted equilibrium composition of the austenite matrix is 
also presented in Table 6.2 at 950°C and 1040°C, and the corresponding fractions of MX 
particles predicted to exist at each temperature are 0.20 wt.% and 0.14 wt.% respectively. 
'C Fe C Si Mn Cr Mo Ni AI Nb v w N 
950 89.25 0.086 0.33 0.44 8.67 0.94 0.09 0.003 0.008 0.134 0.Q3 0.008 
1040 89.19 0.088 0.33 0.44 8.67 0.94 0.09 0.003 0.016 0. 177 0.03 0.0 17 
Table 6.2 Predicted equilibrium composition of the auslenile malrix at 950·C and I040°C, Wl.% 
The matrix composition is therefore a function of the fact that more V -rich particles exist at 
lower temperatures and that the overall fraction of MX particles decreases with increasing 
temperature. 
An accompanying effect on the mean MX particle size is also apparent in Figure 6.12 
measured using the in situ method, with particles increasing in size from 1.6x I 05 nm3 at 
900°C to 2.5x I 05 11m3 at 950°C. The MX particles then decrease in size to 6.6 x I 04 run3 at 
I 100°C. These data indicate accelerated coarsening of existing (V,Nb)(N,C) particles at 
lower temperatures, in particular 950°C, and smaller sizes associated with dissolution at 
higher temperatures and the change in the particle type to (Nb,V)(C,N). 
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Figure 6. 12 Average MX particle size in samples re-normalised at 900oe, 9500 e and I lOooe and then air 
cooled 
6.3.4.2 Effect of re-normalising and re-tempering 
Tempering of P9 J after normalising will usually result in the precipitation of large numbers 
of MX particles. It has been shown above that there are also some MX particles present after 
the normalising stage depending on normalising temperature, and therefore the compositions 
of the resulting precipitate distributions on tempering were examined in detail. The average 
chemical composition of tbe entire MX distribution is presented in Figure 6. 13 in respect of 
the Nb, V and Cr contents in samples which were re-normalised at 950°C, 990°C and 
llOO°C and subsequentl y re-tempered at 760°C for up to 54 hours. It is interesting to note 
from the figure that the average compositions of the MX particles are indeed very similar for 
all of the samples after short term tempering, 2.5 hours, for all oftbe different re-normalising 
temperatures. However, the only sample which shows a significant difference in the 
composition of MX after extended tempering, 54 hours, is that which was re-nonnalised at 
950°C. Here, the average Nb content has increased significantly at the expense of the Cr 
content. 
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Figure 6.13 Average chemical composil ion measured by EDX of MX particles after re-normalising al 
lemperatures between 950°C and 1040° for 2.5 hours. and then lempering at 760°C for up to 56 hours 
The compositions of the individual MX particles are examined i.n further detail in Figure 
6. 14, which presents the Nb content of a particle as a function of its V content. Comparison 
with Figure 6. 10 reveals that there is again a distribution of particles which have a 
continuous range of V and Nb concentrations, ranging from 20-80 wt.% V and 0-60 wt.% 
Nb. These are the precipitates previously termed (V,Nb)(N,C) and which exist in all samples. 
However, it is also clear from Figure 6. 14 that there are Nb-rich particles containing - 80-90 
wt.% Nb and - 10-20 wt.% V, wi th the majori ty of these coming from samples re-normalised 
at 900°C and 950°C and tempered up to 54 hours at 760°C, with indications of an increase in 
the number detected with extended tempering. 
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Figure 6.14 EDX measurements From ind ividual MX precipitates comparing their V and Nb content in samples 
which had been re-normal ised at 900, 950 and I 100· C, air cooled, and then tempered for up to 54 hours a t 
760·C 
Larson-Miller diagrams of the chemical composition of the distribution of MX precipitates 
for samples which have received a variety of re-normalising and re-tempering heat 
treatments are presented in Figures 6.1 5, 6.1 6 and 6. 17, together with data from samples 
which have received 'standard ' treatments as discussed in Chapter 5. Additionally, samples 
which had been re-nomlalised at both 950°C and 1040°C and then tempered at 760°C for 2.5 
hours, were aged at the lower temperature of 600°C for nearly 8000 hours to establish the 
effect oflong term ageing at temperatures more representative of the service environment on 
the samples with different initial microstructural conditions. There is some scatter in the 
experimental data, however, it is very clear from the Cr graph in particular (Figure 6.16) that 
the samples which have been re-normalised at 950°C and then tempered at either 760°C for 
54 hours or 600°C for 3785 hours have a much lower average Cr content, and similarly that 
there is an associated increase ill the average Nb content (Figure 6. 17). 
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Figure 6.15 Larson-Mi ller plot of vanad ium cOnlent of MX prec ipitates over the range of 600°C to 750°C for 
varying times. Superimposed are data po ints for P91 subjected to non-standard heat treatments 
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Figure 6.16 Larson-M iller plot of chromium conlent of MX precipitates over the range of 600°C to 750°C for 
varying times. Superimposed are data points for P91 subjected to non-standard heat treatments 
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Figure 6.t7 Larson-Miller plot of niobium content of MX prec ipitates over the range of 600°C to 750°C for 
varying times. Superimposed are data points for P91 subjected to non- tandard heat treatments 
It is noticeable however that in Figure 6.16, the chromium concentration after 7828 hours for 
the samples initially normalised at both 950°C and I040°C appear higher than they should 
be. The most likely reason for this anomaly is that these readings were taken after the EDX 
analyser was serviced and it is possible that the newly fitted components have had an effect 
on the overall readings. 
Figure 6.18 illustrates the changes in particle sizes for samples re-normalised at 950°C and 
I040°C, then tempered for up to 56 hours at 760°C. 
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Iligure 6.18 Average particle size ofMX precipitates in re-nom13lised and re-tempered samples 
The average sizes measured in Ihree of the four samples are similar, and approximalely 
0.5x 105 nm3, whereas that in the sample re-normalised at 950°C and tempered for 54 hours 
al 760°C is about four times larger, at approximately 2x I 04 nm3, although this sample is 
subject to the greatest standard deviation. A comparison of these values with those presented 
for the samples after re-normali sing in Figure 6. 12 shows that generally the average MX 
particle size is smaller after tempering, undoubtedly due to the precipitation of new 
(V,Nb)(C,N) particles. However, the average particle size in the sample re-normalised at 
950°C and re-tempered at 760°C for 54 hours remains significantly larger than those in the 
olher samples. 
11 5 
Chapter 6 
6.3.5 Variation in Cr depletion and coarsening rales between N950"C and NI040 "C 
samples 
It has already been seen that the microstructure of material in material normalised at 9000e 
or II000e exhibits characteristics that make it readily identifiable as material subjected to 
abnormal pre-service heat treatment. These microstTuctural characteristics are not so 
apparent however in material nonnalised at 950°C, 990°C and 10400e . In these latter three 
samples, the main differences occur in the chemical composition of fine MX precipitates. 
Further examination of the material nonnalised at 950°C was therefore carried out as this 
temperature falls below the upper limit of the 940°C - 980°C range mentioned by Borggreen 
(I)as a temperature where microstructurally, the ~aterial appears nonnal. Material normalised 
at 10400e serves a the ' standard ' material. 
The main differences between N950°C and NI 040°C material are in the rate of MX particle 
coarsening and chromium depletion from MX after 54 hours of tempering at 760°C appear to 
occur. It can be seen in Figure 6.13 that after 54 hours of tempering, the chromium content of 
MX precipitates in N9500e material reduces from 15 wt.% to 10 wt.%, a 33% reduction, but 
for N1040°C material , the chromium content is reduced from 17 wt.% to 14 wt.%, an 18% 
reduction. Similarly, N9500e particles coarsen by 250% after 54 hours of tempering 
compared to only 27% for NI 0400e material after 56 hours of tempering (Figure 6.18). 
Both the N9500e and NI 0400 e material have already been subjected to a tempering heat 
treatment, as no as-cast material was available. The MX phase in the normalised material 
contains about 5 wt.% er, which indicates that the material has not achieved equilibrium. 
Therefore, a population of MX precipitates already exists that coarsens when normalising at 
950°C but has already begun to dissolve by I 100°C (Figure 6.12). Figure 6.10 has shown 
that at 950°C, there appears to be a bimodal distribution of vanadjum rich and n.iobium rich 
particles, but increasing the normalising temperature to I 100°C increases the difference in 
the cherllical composition of these two fami lies such that maillly niobium rich precipitates 
exist. 
When the material is therefore re-normalised, both experimental results (Figures 6.9, 6. 10 
116 
Chap/er 6 
and 6. 12) and thermodynamic results (Figure 5.8, Chapter 5) indicate that (V,Nb)(N,C) 
dissolves at higher temperatures, so that the austenite matrix becomes richer in vanadium at 
the higher temperature of 1040°C than at 950°C (Table 6.2). Similarly, the matrix is 
predicted to contain 0.2 wt.% of the MX phase at 950°C as compared to 0.14 wt.% at 
1040°C, thereby increas ing the amount of solute in the matrix at 1040°C. Most of the 
(V,Nb)(N,C) is therefore in solution at 1040°C and a few (Nb,V)(C,N) particles remain in 
the matrix. Upon subsequent tempering at 760°C, the presence of vanadium in solution 
allows the precipitation of large numbers of new (V, b)( ,C) in the 1040°C material. 
At the lower normalising temperature of 950°C, significant amounts of (V,Nb)(N,C) that had 
precipitated during the original tempering treatment still ex ist and thermodynamic data 
predicts that (V,Nb)(N,C) is stable at lower temperatures. The austenitic matrix wi ll 
therefore contain less vanadium. Upon tempering at 760°C, precipitation of (V,Nb)( ,C) 
occurs. After aging the material however, the greater amount of niobium in the matrix is 
more readily able to replace the chromium in the MX phase, such that there is a greater rate 
of chromium depletion from MX at N9S0°C and aged than at N I 040°C and aged. 
In addition to the effects that temperature can have on the solubility of the MX phase, 
various other competing phenomena are also occurring. The smaller grain size in materia l 
normalised at 950°C when compared to 1040°C means that there are more grain boundaries 
in N9S0°C material subsequently tempered that may allow the more rapid dissolution of 
solute atoms, thereby accelerating the depletion of chromium and the coarsening rates. The 
higher normalising temperature of 1040°C wi ll result in a greater amount of dissolution of 
solute which will generate a greater number of dislocations in the martensitic matrix. This 
would allow for the precipitation of a larger number of MX in the tempered material , thereby 
possibly resulting in a reduced coarsening rate. 
The effect of thi s phenomena on the creep strength of P9 1 is unclear, yet results by 
Borrggreen ( I ) have shown that material nonnalised at 940°C then tempered and aged was an 
order of magnitude weaker in creep than material subjected to the standard normal ising 
temperature. In addi tion, it is not clear ifboth the chromium depletion rate and coarsening of 
MX precipitates wi ll occur in newly cast material that has been normalised and tempered for 
the first time, a the newly cast material wi ll not contai n significant amounts of MX 
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precipitates. 
6.3.6 Theoretical discussion on chromium depletion 
The above experimental results have shown that the M.X phase contains chromium even 
though it is predicted thermodynamically to contain close to 0 wt.% at equilibrium. MX 
therefore precipitates wi th a chromium content that is far rugher than that expected at 
equilibrium and the chromium then proceeds to diffuse back into the matrix during aging. 
This is in contrast to M23C6 that has been shown in Chapter 5 to precipitate at very close to 
equilibrium composi tion. One must therefore question the reasons that allow M23C6 and MX 
to behave so differentl y after tempering. 
Trends indicating the loss of chromium from M.X precipitates during aging have been seen 
by Andren et al (7) when investigating austenitic sta inless steels with various concentrations 
of carbide forming elements such as niobium, vanadium and titanium. In a steel containing 
18. 1 wt.% Cr and 0.56 wt.% Ti , the composition of some TiC carbides were found to be far 
from equilibrium when precipitating after tempering and contained up to 22 wt.% Cr in the 
metallic portion of the phase. The chromium fraction decreased with aging time at 700°C. 
They concluded that due to the abundance of chromi um compared to the titanium in the stee l 
composition, the chromium was able to diffuse to the precipitates more quickly than the 
titanium, substituting for titanium and resulting in a chromium-rich phase. 
The argument is therefore that the inabi lity of the titanium in the steel to diffuse quickly 
enough is prohibiting the system from reducing its free energy to reach equilibrium 
conditions, but that the precipitation of chromium ri ch TiC precipitates never the less, does 
create a partial reduction in free energy. The slow diffusivity of metal atoms in the carbide 
means that chromium rich carbides are unable to significantly change thei r chemical 
composition during aging, but new, more stable chromium deficient particles grow at the 
expense of the chromium rich particles. 
The P9 1 under investigation contains 0.06 wt.% Nb and 0.25 wt.% V. The results from the 
samples investigated in this work present complementary evidence to Andren' s theory. If 
Andren's hypothesis is correct, then the niobium, being the scarcest of the three carbide 
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fonners , is the element that must travel greater distances to allow the precipitation of MX 
precipitates of equilibrium composition and instead, is being substituted by chromium. 
The complementary evidence comes where experimental results have shown that with aging 
time and temperature, the niobium and vanadium content of MX precipitates i.ncreases while 
the chromium content decreases quite significantly (Chapter 5). Chromium makes up to 15 
wt.% or more of MX precipitates in newly tempered P91 . There is a trend for the gradual 
reduction of chromium. The chrom ium reduction is not mirrored by niobium enrichment 
only, but by vanadium enrichment as well . After 8360 hours aging at 750°C (Figure 5.15), a 
9 wt.% reduction in chromium is met by a 9 wt.% increase in the vanadium and niobium 
combined. The substitution of chromium for niobium and vanadium therefore seem to be 
occumng. 
An analysis of the particle size versus chromium concentration also supports Andren's 
claims. Figure 6.1 9 shows the chromium concentration versus precipitate size for particles 
present in material tempered at 750°C between I and 8360 hours. 
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Figure 6.19 Graph or chrom ium concentration versus precipitate size for precipitates present in material 
tempered at 750°C between I and 8360 hours 
It can be quite clearly seen that smaller particles, which are mainly present after I hour of 
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tempering, have the highest chromium concentration, while the larger particles present after 
8360 hours have the lowest. It appears that smaller, less stable, chromium rich precipitates 
are being replaced by larger, chromium deficient but more stable particles. 
After tempering, MX particles will precipitate on the available dislocations thereby reducing 
the free energy of the system. As the material is being thermally aged and is not being 
subjected to strain, the generation of new dislocations is probably not occurring in any great 
volume. Once precipitation on new particles is complete, the process of Ostwald ripening 
therefore will occur, whereby smaller less stable particles reduce in size while larger, more 
stable ones coarsen. This occurs at a fixed volume of precipitate. 
6.4 Summary 
The as-tempered hardness of the P91 material investigated in this paper seems to be less 
sensitive to the initial re-normali sing heat treatment than it is to the subsequent tempering. 
Low normalising temperatures seem to result in a low-carbon martensite that has relatively 
low hardness. Evidence of an incorrect normalising heat treatment at the extremes of 9000 e 
and I \Oooe in tempered material may be detected optically due to an incomplete martensitic 
lath structure and an inhomogeneous prior austenite grain size respectively. Evidence of 
incorrect normalising at 9500 e is only detectable due to the greater rate of chromium loss 
and niobium gain from MX precipitates. MX particles from P91 re-normalised at 9500 e also 
increase in size at a greater rate during tempering than MX particles in P91 re-normalised at 
1040°C. It is yet unclear how sub-standard normalising will effect the long-term creep 
strength of P91 , but the presence of mainly spherical niobium rich particles instead of rod 
shaped vanadium rich particles may have a detrimental effect. 
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7 A comparison of particle sizing methods 
It was apparent in Chapter 6 that non-standard pre-service heat treatment affects both the 
chemical composi tion, morphology and particle size of MX precipitates. In situ particle 
sizing was carri ed out showed that there was an increased rate of particle coarsening in 
tempered material subjected to an initial pre-service normalising treatment of 950°C, 
compared to I 040°C. 
As an addition to the in situ particle sizing carried out in Chapter 6, it was decided to 
therefore further assess the change in precipitate size using the technique of photo correlation 
spectroscopy (PCS) and compare the results obtained to data manually acquired. Manual 
particle sizing has clear limitations in that only a relatively small number of precipitates can 
be investigated and there is some subjecti veness in the method. The purpose of investigating 
PCS as a possible alternative to manua l particle size measurement was therefore to see if 
such a technique could make automated measurements on a much larger di stribution of 
particles, in addition to understanding the phases of precipitation that occur when aging P9 1. 
7.1 Material 
The same material investigated in Chapter 6 was used. Samples re-normalised at 950°C or 
I040°C and then tempered for 2.5 hours at 760°C, before aging for 3785 and 7828 hours at 
600°C were investigated in thi s case, as shown in Table 7.1 below. 
Sample Sample 
a N 950°C, T 760°C 2.5 hours 
b N 950°C, T760°C, aged 3785 hours 
c N 950°C. T760°C, aged 7828 hours 
d N 1040°C, T 760°C 
e N I040°C, T760°C, aged 3785 hours 
f N I040°C, T760°C, aged 7828 hours 
Table 7.1 Re-normalised, re-tempered and aged samples subjected to particle s izing methods 
7.2 Experimental methods 
Photo correlation spectroscopy was used to measure the particle size of bulk extracted 
carbides suspended in de-ionised water. The results of PCS were further corroborated by 
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measuring the longest and shortest axis of particles manually from TEM images to give an 
average reading for the diameter of the particles. A more detailed description of PCS and 
manual part icle sizing is in Chapter 2. For the manual method, 100 particles were measured. 
7,3 Results 
7.3. / Photo correlation spectroscopy 
Figure 7.1 present the particle size derived by PCS for 3 samples normalised at 950°C then 
tempered for 2.5 hours at 760°C, and then aged at 600°C fo r 3785 and 7828 hours 
respectively. 
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Figure 7.1 Particle sizes derived by photo correlation spectroscopy for 3 samples nomlalised at 950°C then 
tempered for 2.5 hours at 760°C, and then aged at 600°C fo r 3785 and 7828 hours 
It can be seen that for the sample tempered for 2.5 hours, and the sample subsequently aged 
for 3785 hours at 600°C, that a bimodal distribution exists. For the sample aged for 7828 
hours, a trimodal distribution is apparent. The first of the two peaks for samples (a) and (c) 
indicate a parti cle mode of about 30 nm in diameter, while the first peak for sample (b) 
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indicates a particle size mode of abou t 75 run in diameter. The secondary peaks show a much 
larger particle size mode, 200 nm for amples (a) and (c) and 300 nm for sample (b). The 
third peak for sample (c) shows a particle size mode of750 nm. 
Figure 7.2 presents the particle size derived by pes for samples normalised at 10400 e then 
tempered for 2.5 hours at 760°C, and then aged at 6000 e for 3785 and 7828 hours 
respective I y. 
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Figure 7,2 Particle sizes derived by photo correlation spectroscopy for samples normal ised at 1040° then 
tempered for 2.5 hours at 760°C and then aged at 600°C for 3785 and 7828 hours 
10 a similar fashion to Figure 7.1, both bimodal and trimodal distributions exist. The firs t of 
the two peaks for samples (d) and (e) indicate a part icle size mode of about 35 nm and 55 nm 
in diameter respecti vely, while the first peak for sample (f) indicates a particle size mode of 
about 80 nm. The secondary peak for sample (d) is for a particle mode of I 10 nm and for 
samples (e) and (f) of 250 nm. The third peaks for samples (d) and (e) are at 250 nm and I 
IJ.m respectively. Table 7.2 presents a summary of the pes particle size data 
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Sample Peak I mode, Peak 2 mode, Peak 3 mode, 
nm nm nm 
la\ N 950oe, T 7600 e 2.5 hours 30 200 -
(b\ N 950oe , T760oe, aQed 3785 hours 75 300 -
Ic\ N 950oe , T760oe , aoed 7828 hours 30 200 750 
(<I) N 1040oe, T 7600 e 2.5 hours 55 110 250 
(el N 1040oe , T760oe , aQed 3785 hours 35 250 1000 
If) N I 040oe , T760oe , aged 7828 hours 80 250 -
Table 7.2 Summary ror particle size data derived by pe s ror samples normalised and aged at various 
temperatures 
7.3.2 Comparison of pcs to manual particle sizing 
The data deri ved from pcs was compared to data derived by the manual measurement of 
particles in photographs of carbon replicas. The results can be seen in Figures 6.20 - 6.25. 
The results of the manual particle size analysis are presented as histograms, wi th PCS data 
superimposed on them. The measured peaks described below refer to only the manuall y 
measured data. 
Figure 7.3 is of sample (a), normalised at 950°C for 1.5 hours and tempered fo r 2.5 hours at 
760°C. It can be seen that the manual measurements exhibit a weak bimodal di stribution , 
peaking at 90 nm in d iameter for the firs t peak and about 170 nm fo r the second peak. 
Figure 7.4 is of sample (b), normalised at 950°C for 1.5 hours and tempered fo r 2.5 hours at 
760°C and aged fo r 3785 hours at 600°C. It can be seen that a trimodal di stri bu tion may be 
apparent in the manually measured particle s izes, with peaks at 90 nm, 175 nm and poss ibly 
at 350 nm. 
Figure 7.5 is of sample (c), normalised at 950°C for 1.5 hours and tempered fo r 2.5 hours at 
760°C and aged for 7828 hours at 600°C. Manual measurement indicate a possible bimodal 
di stribution, with peaks at 50 nm and 300 nm. A possible peak at 500 nm is also present. 
Figure 7.6 is of sample (d), normalised at 1040°C for 1.5 hours and tempered fo r 2.5 hours at 
760°C. A possible bimodal di stribution is apparent, with peaks at 70 nm and 175 nm. 
Figure 7.7 is of sample (e), normalised at 1040°C for 1.5 hours and tempered for 2.5 hours at 
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760°C and aged fo r 3785 hours at 600°C. Only one peak can be readily measured at 75 nm. 
Figure 7.8 is of sample (f), normalised at 1040°C for 1.5 hours and tempered for 2.5 hours at 
760°C and aged for 7828 hours at 600°C. A possible bimodal distribution is apparent with 
peaks at 75 nm and 175 nm. 
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Figure 7.6 Comparison of manual and PCS particle sizing method for sample normalised at I040°C for 1.5 
hours and tempered for 2.5 hours at 760°C 
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Table 7.3 presents a summary of the manually measured particle size data and compares it to 
a summary of the particle sizes derived by pes. 
Sample Peak I mode, nm Peak 2 mode, nm Peak 3 mode, nm 
Manual/peS Manua lfPCS ManllalfPCS 
(;;) N 950°C, T 760°C 2.5 hours 90/30 170/200 -
Cb) N 950°C, T760°C, aged 3785 hours 90175 175/300 350/-
(c) N 950°C, T760°C, aged 7828 hours 50/30 300/200 5001750 
(d) N I 040°C, T 760°C 70/35 175/110 -/250 
(e) N 1040°C, T760°C, aQed 3785 hours 75/55 -/250 -/ 1000 
(f) N 1040' C, T760' C, aQed 7828 hours 75/80 175/250 -1-
Table 7.3 Summary for part icle s ize data derived by PCS for samples norma lied and aged al various 
temperatures 
7.4 Discussion 
7. 4.1 Photo correlation spectroscopy 
It was apparent in Figures 7. 1 and 7.2 that both bimodal and trimodal particle sIze 
distributions exist in the samples analysed. In all cases, the smallest of the peaks indicated a 
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particle diameter mode of between 30 run and 80 nm, while the second of the peaks 
indicated a particle diameter mode of between 110 run and 300 nm. It was not possible to 
ascertain the exact type of particle being measured in either case, but MX precipitates tend to 
be quite small in size, while M23C6 particles tend to be much larger. It is quite possible 
therefore that the bimodal distributions seen in both figures are reflective of the smaller MX 
and larger M23C6 particles present in each sample. 
In samples 'c', 'd' and 'e' (Table 7.2), it is also apparent that third, much larger peaks 
measuring between 750 and 1000 run, are present. It is not clear from the results presented if 
this is a result of coarsening of M23C6, that will result is the growth of some particles and the 
shrinking and eventual dissolution of others, which will result in another bimodal 
distribution, or not. It must be noted that sample 'd' exhibits such a peak at 250 nm, but has 
only been tempered for 2.5 hours. After such a short tempering treatment, it is unlikely that 
the coarsening and dissolving M23C6 particles have had enough time to deviate in size from 
each other. It is also unlikely to be indicative of the precipitation of Laves phase, which 
would not be present after a short tempering time and was not found in EDX results of 
Chapter 6. It is possible therefore that the presence of a third peak is a result of particle 
agglomeration. In addition to the possible problem of agglomeration, V,Nb,(N,C) and M23C6 
tend to be rod or elliptical shaped. The aspect ratio of these particles may also be creating 
false readings, as the PCS software may not be able to compensate properly for this particle 
shape. These possible problems may cast doubt on the accuracy of the two smaller peaks, but 
the measured sizes of the two smaller peaks are such that the smallest of the two is most 
probably MX, while the larger ofthe two is most probably M23C6. 
On this assumption, it can be seen that in Figure 7.1 of the material initially nonnalised at 
950°C, that there is a change in the MX particle size with increased aging. The population of 
MX precipitates, initially with a mode 000 run in diameter after tempering, becomes larger 
at 75 nm in diameter after 3785 hours aging, before become smaller again at 30 nm after 
7828 hours of aging. A similar pattern is seen in what is probably M23C6 particle size, with a 
mode of 200 nm followed by a mode of 300 run before decreasing again to 200 run. This 
change in particle size may reflect the initial precipitation of small particles upon tempering. 
During aging, both MX and M23C6 particles coarsen, but after 7828 hours, there is an 
apparent reversal of this trend. This may be as a result of the secondary precipitation of 
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(V,Nb )(N,C) which will result in a reduced mean and modal particle size. Similar 
precipitation of some fine M23C6, or the break up of larger elliptical particles present on grain 
boundaries, may also be occurring. 
Results for material initially normalised at 1040°C do not follow the same trend. In Figure 
7.2, the MX diameter mode is initially 55 nm, decreasing to 35 nm after 3785 hours of aging. 
This may indicate the secondary precipitation of (V,Nb )(N,C). Coarsening then occurs as the 
mode increases to 80 nm after 7828 hours of aging. M23C6 coarsens from a mode of 100 nm 
initially and remains stable at 250 nm after both 3785 and 7828 hours of aging. This 
indicates that secondary precipitation may be occurring very shortly after initial tempering 
before coarsening commences. 
7.4.2 Comparison of PCS and manual particle sizing 
The bimodal and trimodal distributions that are clear in the PCS results are not well defined 
in the manually measured results. This is because only 100 particles were measured from 
each sample and it is clear from these results that a significant number are required to 
generate reliable data. The most that can be said of the manual results is that they indicate 
coarsening of the particles, but there is no clear separation between what has been assumed 
to be MX and M23C6 seen for the PCS results. This corroborates the trend of particle 
coarsening with aging that has already been seen in Figure 6.18 (Chapter 6). 
7.S Summary 
PCS has been shown to be a technique that can measure particles less than 30 nm in size. It is 
unclear from the results if agglomeration of the particles or the aspect ratio of the particles 
are having a detrimental effect on the final readings, although the resolution of the technique 
appeared to differentiate between fine MX and larger M23C6 particles. A comparison with 
manually measured particle sizes proved inconclusive as the manually measured results 
required a significantly larger data set for increased accuracy. Coarsening of the particles is 
apparent in the results derived from PCS and manual measurement, and these corroborate 
findings in Chapter 6, but the sequence of secondary precipitation and coarsening in aged 
P91 cannot be conclusively ascertained from these results. 
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8 Effect of high aluminium content on P91 
Previous chapters have highlighted the importance of fine (V,Nb)(N,C) precipitates on the 
creep strength of P91. The effects oflong tellU thermal aging and abnormal heat treatment on 
the chemical composition of MX precipitates in P9l of 'standard' chemical composition 
have also been discussed. 
Manufacturers specify a maximum aluminium content of 0.04 wt.% for P9l (I), but is has 
been found in Chapter 4 that some ex-service materials contain an aluminium content greater 
than that. Experiments in Chapters 5 and 6 have also been carried out on material with an 
aluminium content that is within the specified -limits. Investigations were therefore carried 
out to see what effects an aluminium content that is close to the maximum specification in a 
P91 cast might have on the chemical composition and morphology of MX precipitates. This 
was to assess the suitability of using the rate of chromium depletion from MX precipitates as 
a reliable marker of the thermal history of the steel if the steel was of a non-standard 
chemical composition. Samples of P9l with a high aluminium content which had been 
subjected to pure thermal aging, as well as creep fractured material, were analysed using 
optical as well as transmission electron microscopy. These were compared to creep fractured 
P9l of a standard chemical composition to further assess the effects of the aluminium 
content. 
8.1 Material 
High aluminium P9l metal samples (here referred to as high-AI P91) in the normalised and 
tempered condition and carbon replicas of the crept high-AI specimens were supplied by 
Slovak industries (Table 8.\). 
AI,BI 600"C/130MPal4730hrs- uniaxial Close to neck 
A2,B2 600"C/130MPal4730hrs- uniaxial Head 
5 N950'C/30 minutes, T775'C/30 minutes 222 HV30 
6 N950"C/30 minutes, T700"C/30 minutes 272 HV30 
7 NIl OO'C/30 minutes, T775°C/30 minutes 212 HV30 
8 N l1OO°C/30 minutes, T700°C/30 minutes 296 HV30 
Table 8.1 Slovak samples in the normalised and tempered conditions and in crept conditions 
The initial pre-service heat treatment comprised of normalising at either 950°C or II OO°C 
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for 30 minutes, followed by air cooling to room temperature. Tempering was then carried out 
at either 700°C or 775°C for 30 minutes and again samples were air-cooled. The crept 
specimens had been subjected to a normalising treatment of 960°C for 40 minutes, air cooled 
then tempered at 740°C for 30 minutes and air-cooled. 
The P91 of standard chemical composition (here referred to as low-AI P91) was supplied by 
Power Technology and was the same material investigated in previous chapters. The 
chemical composition is illustrated in Table 8.3. Creep testing had been carried out to 
fracture at a higher temperature of 655°C and lower stress of 59 MPa for nearly twice the 
length of time, at 9984 hours (Table 8.2). The main difference in the chemical composition 
between this material and the high aluminium P91 was the much lower aluminium content, 
at 0.003 wt.%. 
655°CI59MPaJ9984hrs- uniaxial Close to neck 
655°CI59MPaJ9984hrs- uniaxial Head 
Table 8.2 Power Technology samples in the crept conditions 
Both the crept and uncrept materials were of the same chemical composition, which is 
illustrated in Table 8.3. 
C Si Mn P S Cr Mo Ni V Nb N Al 
High·AI 0.10 0.44 0.46 0.017 0.003 8.70 0.94 0.17 0.215 0.07 0.053 0.05 
material 
Low-AI 0.09 0.33 0.44 0.008 0.005 8.66 0.94 0.09 0.25 0.06 - 0.003 
material 
Table 8.3 Chemical composition of P91 supplied by Slovak Industries (high-AI) and Powertechnology (low-
AI), balance Fe weight % 
8.2 Experimental procedures 
The normalised and tempered material was etched using Vilella's reagent and subjected to 
optical microscopy (see Chapter 3). Carbide extraction replicas on copper grids were also 
prepared for analysis in both the Joel2000FX TEM and the fei F20 FEGTEM. In the case of 
the creep tested material, only the carbide extraction replicas were supplied and therefore 
optical microscopy of ~he metal was not possible. Bulk extraction of carbides was also 
carried out for x-ray analysis where possible. 
Equilibrium thermodynamic calculations were carried out on high-AI P91 using the software 
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package MTDA TA (2) in conjunction with the TCFE (J) database developed for stee ls. Laves 
phase, face centered cubic, body centered cubic and AIN phase were allowed in the 
calculations. 
8.3 Results 
8.3.1 Microstructure of normalised and tempered high-AI P91 
The effects of only normalising and tempering on the microstructure of the supplied high-A I 
P91 samples were first investigated. 
Figures 8. 1 a and 8.1 b shows optica l images taken of material normalised at 950°C then 
tempered for 775°C or 700°C, while figures 8.1 c and 8. ld are images of material normalised 
at I 100°C then tempered. 
Pigure 8.t High aluminium P9 1. a: N950"C/30 minutes, T775°C/30 minutes. b: N950°C/30 minutes, 
T700"C/30 minutes. c: 11 OO"C/30 minutes, T775°C/30 minutes. d: N il OO°C/30 mi nutes, T700"C/30 minutes 
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It can be seen in Figures 8. lc and 8. ld that the gram sizes are quite large and 
inhomogeneous, measuring over 20 Ilm. Distinct prior auslenile grain bo undari es and fi ne 
martensite laths are also visib le. Figures 8.1 a and 8.1 b appear to show grains that are smaller, 
around 10 /1111 , while grain boundaries are not very well defined. There also appear to be 
relatively fewer clearly defined martensite laths. 
8.3.2 Effects o/high aluminium on MX and M13C~ precipitation 
Carbon extraction repl icas of the normali sed and tempered high-AI P91 samples were used 
to study the effects of a high aluminium 70ntent on the chemical composition and 
morphology of precipitates in P9 1. 
Figure 8.2 shows the chemical composition ofM23C6 particles derived by EDX analysis from 
the samples normalised at 950°C or II OO°C then tempered at 700°C. Each data set is made 
from the analysis of 12-1 5 Mn C6 particles. It can be seen that the M23C6 detected had a 
composition that vari ed very littl e between the samples and was of approximately 60 wt.% 
Cr, 27 wt.% Fe and 12 wt.% Mo. This composition is fai rl y typical of that seen in the 
li terature and in previous invest igations, so it was decided to concentrate on potential 
di fferences in MX chemical composition. 
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Pigure 8.2 EDX analysis of high-AI P9 1 showing very lill le difference in Ihe chemical composit ion of MllC. 
precipitates in the tempered samples subjected to the different normalising temperatures of 950· C and II OO· C 
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Figure 8.3 is the chemical composition of MX particles derived by EDX ana lysis for samples 
normalised at 950·C or II OO· C then tempered at 700·C or 775·C. 50 MX particles were 
analysed for each data set. It can be een that, in all cases, the mean chemical composition of 
the MX particle indicated a niobium rich phase (defined as containing more than the other 
main consti tuent of the MX phase, vanadium). Certain differences became apparent in the 
chemical composition as a function of lhe nom1alising and tempering heat treatment. 
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Figure 8 .3 EDX analysis of MX particles in samples normalised at 950°C or IIOOOC for 30 minutes then 
tempered for 7000C or 775°C for 30 minutes 
8.3.2.1 Materi al normalised at 950·C. 
For the sample normalised at 950·C for 30 minutes then subsequently tempered at 700°C for 
30 minutes, the mean chemical composition of MX particles was 88 Wl.% niobium, 9 wt.% 
vanadium and only 3 wt.% chromium. 4% of the total number of particles were vanadium 
rich. lncreasing the tempering temperature to 775°C for 30 minutes resulted in a decrease in 
the niobium to 71 wt.% and a very significant increase in the molybdenum content from 
o wt% previously to 18 Wl.%. The vanadium and chromium contents remained virtuall y 
unchanged and there were no vanadium rich particles. 
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8.3.2.2 Material normalised at II OO°C. 
For the samples normalised at I 100°C for 30 minutes then subsequentl y tempered at 700°C, 
the mean chemical composi tion of MX particle was 79 wt.% niobium, 10 wt.% 
molybdenum, 8 wt.% vanadium and only 3 wt.% chromium; there were no vanadium rich 
particles. Increasing the tempering temperature to 775°C for 30 minutes reduced the niobium 
content to 49 wt.%, while the molybdenum increased to 18 wt.%, vanadium to 27 wt% and 
chromium to 6 wt.%. The higher tempering temperature also resulted in a higher frac tion of 
vanadium-rich precipitates, at 41 % of the total. 
In addition to the high niobium content, it was noticed that the majority of particles in all 
samples were spherical. It can be seen in Figure 8.3 that the only point at which rod-shaped 
particles approach 50% of the total is in the ample normalised at II OO°C then tempered at 
775°C. This is a lso the sample in which the vanadium content of the MX particles is at its 
greatest in the 4 samples, approaching 27 wt.% (Figure 8.3) while the number of vanadium 
rich particles is 41 % . 
Figure 8.3 has illustrated the mean chemical composition of MX particles, but it must be 
noted that each sample contained particles that were predominantly vanadium or niobium 
rich and whose composition was significantly different from the mean. This is more clearly 
illustrated in Appendix 4, where the raw data is presented and niobium rich (N b,V)(C,N) are 
highlighted in red. For example, the high aluminium sample subjected to normalising at 
I 100°C then tempering at 775°C contained vanadium rich (V,Nb)(N,C) particles with more 
than 50 wt.% V even though the mean chemical composition of the particles in that sample 
was 27 wt.% V. 
8.3.3 Aluminium nitride precipitation 
In addition to the MX and M23C6 found in the normalised and tempered high-AI samples, 
aluminium rich precipitates not normally associated with P9l were detected. These were 
found among agglomerations of M23C6. These particles were identi tied by using a large 
diameter electron beam at magnifications as low as 20,000x to scan large areas of the carbon 
extraction replica until aluminium peaks regi tered on the EDX analyser. A process of 
increasing magnification and scanning was able to pinpoint several aluminium rich 
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precipitates. These precipitates consisted of up to 95 wt.% aluminium wi th small amounts of 
chromium, niobium and vanadium. Figure 8.4 shows an aluminium rich precipitate 
surrounded by M23C6 particles. It is nearly transparent to the electron beam, so probably 
measured no more than 10 nm in thickness. 
Aluminium rich 
flake 
-50nm 
Figure 8.4 Aluminium rich precipitate surrounded by MnC. precipitates. Electron diffraction pattern shows a 
hexagonal structure, Z = [0 I 11 ) and latt ice parameter a = 0.305 nm, c = 0.49792 nm 
Electron diffraction of an alwninium rich particle suggested 2 possible crystal structures: 
I. A hexagonal structure, Z = [0111), with a lattice parameter a = 0.305 nm and 
c= 0.49792 nm or 
2. A face centered cubic structure, z= [Ill), with a lattice parameter of a= 0.747 nm 
The measured hexagonal lattice parameter of 0.305 nm varies by 2.1 % from the 0.31 I 14 nm 
listed in the JCPDS (4) powder diffraction fi le [25-1133], while the measured cubic lattice 
parameter of 0.747 nm varies by 5.9% from the 0.7913 run li sted in the data file [34-0697]. 
The electron diffraction pattern therefore suggested that the particle was an aluminium 
nitride particle with a hexagonal structure. 
Figure 8.5 illustrates an EDX spectrum from the a1uminiwn rich particle analysed in the fei 
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F20 FEGTEM. A strong aluminium peak is evident, while qualitative data suggested the 
presence of nitrogen as the thin fi lm on the x-ray detector allows the detection of lighter 
elements. No reliable quantitati ve data however, was obtained as the sensi ti vity of the x-ray 
detector for nitrogen is very poor. The carbon peak is probably present due to the presence of 
the carbon replica, while both si licon and oxygen were detected, these most likely being 
contaminants from the carbon replica making proce s. 
Counts 
AI 
c 
4 
2000 
0.0 0.5 1.0 1.5 2.0 
Energy (keV) 
Pigure 8.S EDX spectrum lTom an aluminium rich particle in the high-AI sample normalised at 950'C for 30 
minutes then tempered at 775°C for 30 minutes, showing the presence of ni trogen and aluminium 
tn order to eliminate tbe possibili ty that tbe detected nitrogen was contami nation 111 the 
carbon replica, an EOX spectrum of the carbon fi lm was also taken. This can be een in 
Figure 8.6, wbere a strong carbon peak is evident as is some contamination of oxygen, and 
silicon as well as copper from the grid, but very little evidence of the presence of nitrogen. 
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Figure 8.6 EDX spectrum from the carbon replica film of the high-AI sample normalised at 950· C for 30 
minutes then tempered at 775°C for 30 minutes, showing the presence of some contamination, a strong carbon 
peak, but no nitrogen. 
As a further test to analyse the aluminium rich precipitates, x-ray analysis was carried out on 
bulk extracted carbides from the sample normalised at 950°C and tempered at 775°C. This 
was in order to obtain an x-ray diffraction signature of the aluminium rich precipitates and 
the results can be seen in Figure 8.7. The results did not conclusively reveal the presence of 
aluminium nitride due to the large volume of M23C6. The most recent powder diffraction 
files (presented in Tables 2.2 and 2.3) suggests peaks for hexagonal AIN at 29=33.216°, 
36.041° and 37.917° according to JCPDS (4) powder diffraction file [25-1133]. Careful 
analysis of the X-ray spectrum does show the presence ofa small peak at 36.04°, which may 
be the {002} plane for AIN. The {l01} AIN peak at 37.917° is obscured by the {420} M23C6 
peak. 
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Figure 8.7 X-ray analysis of bulk extracted carbides from the sample nom13lised at 950·C for 30 minutes then 
tempered al 775·C for 30 minutes showing the presence of M"C. peaks. 
8.3.4 Effects a/aluminium content on creep tested P91 
Investigations were carried out on a high-AI P9 1 sample tested to fracture by subjecting it to 
a uniaxial stress of 130 MPa at 600·C for 4730 hours. Carbon extraction replicas of both the 
head and necked region of the fractured samples contained MX and M21C6 as well as 
aluminium rich precipitates, as found in the normalised and tempered high-AI material. 
Figure 8.8 shows a result of EDX analysis of MX precipitates in the high-AI creep tested 
material (Table 8.1 sample A I and A2) as well as MX particle size, normalised to fit on the 
graph by dividing the actual volume by 1000. MX particle sizing was carried out using the in 
situ method (Chapter 3). 
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Figure 8.8 MX chemica l composit ion in the neck and head of high aluminium P9 1 creep tested at a uniaxia l 
stress of 130MPa at 600"C for 4730 hours 
For both samples, the majority of particles were niobium rich. An analysis of the chemical 
composition of each analysed particle showed that 33% of the MX particles in the area close 
to the neck of the fracture subjected to creep were vanadium rich and 16% were rod shaped. 
In the thermally aged head, only 4% of the particles were vanadium rich and 6% were rod 
shaped. In addition, the precipitate size near the neck was greater than in the head of the 
sample indicating some particle coarsening. Laves phase with an average of 55 wt. % Mo, 36 
wt.% Fe and 8 wt% Cr was also present in the necked region but none was found in the head. 
The vanadium, chromium and niobium content of MX precipitates in the thermally aged 
head and crept neck were plotted on Larson Miller diagrams and compared to the chemical 
composition of MX precipitates in P9 l subjected to standard pre-service heat treatment and 
of a standard chemical composition (Chapter 5). The raw data for these results are illustrated 
in Appendix 3, which h.ighlights the presence of vanadium rich particles in a data set with a 
mean chemical composition that is niobium rich and vice-versa. 
Figure 8.9 illustrates the vanadium composition and it is clear that the mean vanadium 
composition in the high-AI P9 1 MX particles is 40-50 wt.% lower than in the standard 
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material. 
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Pigure 8.9 Larson-Miller plot of vanadium content in MX precipitates of high aluminium P9 1 compared to P91 
subjected to standard pre-service heat treatment and with a standard chemical composition 
Similarly, the chromium content, illustrated in Figure 8.10, is approximately 10 wt.% lower 
than in standard material while the niobium content, in Figure, 8.11 is 40-50 wt.% higher. 
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Figure 8.10 Larson-Mi ller plot of chromium content in MX precipitates of high a lumini um P91 compared to 
P91 subjected to standard pre-serv ice heat treatment and with a standard chemical composition 
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Figure 8. 11 Larson-MilJer p lot of niobium content in MX precipitates of high a luminium P9 1 compared to 
P91 subjected to standard pre-service heat treatment and with a standard chemical composition 
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By comparison, low-AI P91 creep tested to fracture by subjecting it to a uniaxial stress of 
59 MPa at 655°C for 9984 bours revealed very little variation in the chemical composition 
between MX precipitates in the head or the neck of tbe sample. This can be seen in Figure 
8. 12, where the only significant difference in chemical composition was that particles in the 
neck of the sample contained 3 wt.% more vanadium and I wt.% less niobium. 
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Figure 8.12 Chemical composition of MX precipitates in low-AI P91 creep tested to fracture at a uniaxial 
stress of 655°C and 59 MP. for 9984 hours 
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7.3.5 Field emission gun transmission electron microscopy 
The fei F20 FEGTEM was used in an attempt to detect the presence of nitrogen in MX 
particles located in the neck of both the high and low aluminium crept P91 samples. The 
carbon replica and M23C6 precipitates from both high and low aluminium P91 were analysed 
in order to assess the presence of any contamination. Figure 8. 13 below shows the chemical 
composition ofM23C6 and the carbon replica in both high and low aluminium P9 1. The scan, 
up to I keY, shows the presence of carbon both in the carbon replica (F igure 8.13a) and the 
M2JC6 particles (Figure 8.1 3b), but the presence of nitrogen was not detected in either. 
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Figure 8. 13 rei F20 FEGTEM EDX analysis of creep tested samples: (a) carbon replica of low-A I P91 sample, 
(b) carbon replica of high-AI P91 sample, (c) M" C. in low-AI P91 and (d) M" C, in high-AI P91 
Figure 8.14 shows the EDX results for an MX particle located in the neck of the creep tested 
Iow-AI sample. A peak for nitrogen is present although no accurate quantitative analysis was 
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poss ible as the EDX analyser was not sensitive for the detection of nitrogen. 
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Figure 8.14 EDX analysis of MX partic le creep tested low-AI P9 1 showing a peak for nitrogen 
Figure 8. 15 shows the qualitative EDX results for some parti cles in the neck of the high-AI 
sample. The quantitative results, normali ed to include only the main constituents of the 
phase, indicate that a particle calculated to contain 80 wt.% niobium and 12 wt.% vanadi um 
(Figure 8.15 a) does nol contain any nitrogen, while MX particles containing 49 wt.% 
vanadiwn and 42 wt.% niobium (Figure 8.1 5 b) and 87 wt.% vanadium and 13 wt.% 
niobium (Figure 8.15 c) appear to do so. 
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Figure 8.15 MX particles in the neck of creep tested high alum inium P9 1. (a) Nb,V(C,N) containing 80 wt.% 
niobium appear to contain no nitrogen. Both (b) V,Nb(N,C) conta ining 49 wt.% vanadium and (c) V,Nb(N ,C) 
containing 87 wt.% vanadium appear to contain nitrogen 
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8.3.6 Thermodynamic modelling of high-A I P91 
Thermodynamic modelling of high-AI P9 1 using the chemical composition listed in Table 
8.3 was carried out. Figure 8.16 illustrated the phases that have been thermodynamicall y 
modelled to exit in a temperature range of 500°C to I300°C. 
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Figure 8.16 Thermodynamic modell ing of the various phases in high-AI P9 1 using MTDATA 
The above figu re clearly illustrates the presence of aluminium nitride, as ha been found 
experimentally. The phase appears to be stable up to a temperature of about I050°C, after 
which it begins to di ssolve quite rapidly. Similar results have been fo und by Bates et al (5) in 
a low N:AI ratio 9 wt.% modified Cr steel. [t is clear though, that at lower temperatures of 
between 600°C and 900°C, some dissolution of AIN is occurring. 
Figure 8.17 illustrates the thermodynamically modelled chemical composition of the MX 
phase in a temperature range of 800°C to 1250°C. 
149 
Chapter 8 
--C --Cr --Nb --v --N 
0.7 
Q) 
(/) 0.6 ro 
.r. 
a. 
X 0.5 ~ 
.£ 
-c 
0.4 
Q) 
E 
Q) 0.3 
Qi 
-0 0.2 c 
0 
:g 
~ 0.1 
-(/) 
(/) 
0.0 ro 
~ 
800 850 900 950 1000 1050 1100 1150 1200 1250 
Temperature, ' c 
Figure 8.17 Thennodynamic modelling of the MX phase in high-AI P91 using MTDATA 
The above figure illustrates the change in the anlount of vanadium and niobium present in 
the steel with increas ing temperatures. It is apparenl that as the niobium content increases, 
there is a decrease in the vanadium content. 
8.4 Discussion 
The high-AI normalised and tempered material under investigation in this paper di ffers from 
'standard ' P9 1 in several ways. Firstly, the normalising temperatures at 950'C and IIOO'C 
are both above and below the 1040' C recommended temperature and may result in either 
incomplete re-transformation to martensite or a non-homogeneous grain size respectively. 
The tempering heat treatment at 700'C for 30 minutes is also less than that encountered in 
the literature. The chemical composition is fairly standard, the only difference being the 0.05 
wt.% aluminium, which is much higher than the 0.003 wt.%. normally encountered in P9 1. 
The material initially normalised at 950'C appears to have an incomplete microstructure 
indicating sub-standard normalising (Figure 8.1). The material normali sed at IIOO'C 
appears to have an inhomogeneous grain sIze but apart from that, the tempered 
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microstructure at the higher normalising temperature seems normal when examined under an 
optical microscope. A hardness value of approximately 220 HV30 for samples tempered at 
775°C is typical ofP9l (Table 8.1), so it must be assumed that the kinetics of microstructural 
formation, for material normalised at 1l00°C then tempered at 775°C, have occurred in a 
normal manner and that the resulting differences in the MX precipitate composition are 
therefore most likely to be due to the presence of the aluminium. The same cannot be said for 
samples normalised at 1l00°C and subsequently tempered at 700°C for 30 minutes, as 
hardness values in excess of 270 HV30 indicate incomplete tempering of the microstructure 
such that carbon remains trapped within the martensitic matrix, thereby reducing the amount 
of MX phase precipitating. As a result of this, dislocation densities may be significantly 
higher in the material tempered at 700°C than at 775°C. The role of dislocation assisted 
diffusion in the evolution of precipitates has already been discussed in Chapter 2, so that the 
growth kinetics of MX particles in material tempered at 700°C may not be representative of 
'standard' material. In addition, the proportion of P91 that is composed of the MX phase 
may be lower than in material SUbjected to 'standard' heat treatment. 
8.4.1 Effect of high-AI on normalised and tempered material 
When analysing precipitation in normalised and tempered material, it appears that the most 
significant difference to standard P91 is the presence of the aluminium nitride particles and 
the effect they have on the MX chemical composition. This appears to be as a result of the 
low nitrogen to aluminium ratio (5). The AlN particles appear to be surrounded by M23C6 
precipitation, particles that normally precipitate on grain boundaries. It may be therefore that 
AlN precipitation is facilitated by grain boundary diffusion which allows the transfer of 
atoms at rates greater than those associated with bulk diffusion through the matrix. 
In all cases, the chromium content of the MX precipitates, at approximately 5 wt.%, was 
lower than the composition found in standard P91 (Chapters 5&6) where contents greater 
than 15 wt.% in pre-service P91 can be expected. Vanadium contents were also much lower 
than the 70 wt.% that can be expected in MX precipitates after tempering while niobium 
contents, at up to 80 wt.%, were much higher. 
Previous experiments and thermodynamic calculations have concluded that (V,Nb)(N,C) is 
the more stable phase at lower temperatures (Chapter 5), being replaced by (Nb,V)(C,N) as 
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temperatures increase to the upper limit of normalising for P91 at 11 oooe. With the presence 
of a high aluminium content in these samples, a reversal of this trend is apparent. The 
aluminium appears to have changed the equilibrium composition by combining preferentially 
with the nitrogen so that overall, (Nb,V)(C,N) predominates at all temperature ranges. 
Thermodynamic modelling of high-AI P91, as shown in Figures 8.16 and 8.17, indicates that 
(V,Nb)(N,C) may still be present in the material but that (Nb,V)(C,N) is more stable at 
temperatures above 850oe. 
Material normalised at Iloooe then tempered at the higher temperature of 775°e contains 
MX precipitates that are composed of an average of 27 wt.% vanadium (Figure 8.3), while 
49% are rod shaped and 41% are vanadium riel!. This suggests that at the higher normalising 
temperature of 11 oooe, dissolution of the AIN may be occurring, a phenomenon that may be 
expected to begin at I050oe, as calculated by Bates et al (5). This will result in the increased 
precipitation of (V ,Nb )(N ,C) during tempering as nitrogen is more available. The results 
indicate that this does appear to be occurring. This is in contrast to the material normalised at 
950oe, where over 71 wt.% of the particles are composed of niobium and there are very few 
vanadium rich precipitates as a result of the lack of nitrogen in the matrix. 
The decrease in the niobium content and the increase in the vanadium content of MX 
particles normalised at either 9500e or 11 oooe then tempered at 775°e suggest that even as 
low as 775°e, dissolution of AIN and the release of nitrogen into the matrix may be 
occurring. However, no quantitative evidence was gathered to suggest that there was less 
AIN present in the material tempered at 775°e. 
Previous chapters have highlighted the fact that the er composition of MX precipitates, at 
about 15 wt. %, is above the equilibrium composition in newly tempered material as the 
chromium tends to displace the vanadium in the precipitates due to its predominance in the 
steel. The findings for the high-AI material suggest that this model may be an accurate one. 
The lack of nitrogen in the steel as a result of the precipitation of AIN means that vanadium 
is present in the matrix in greater amounts than in P91 of standard chemical composition. VN 
and Nbe have been shown to be intersoluble as both vanadium and niobium behave is a very 
similar fashion in P91 and mainly precipitate as MX particles. It is likely therefore that the 
presence of the vanadium has reduced the driving force for the precipitation of chromium in 
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MX as a substitute to the niobiwn or vanadiwn. This has resulted in MX particles that 
precipitate at much closer to their equilibriwn compositions (where virtually 0 wt.% Cr is 
expected in MX precipitates) with the balance being made of vanadium or nitrogen and 
possibly molybdenwn. 
Another interesting aspect of MX precipitates is he high molybdenum content in all the 
samples except the sample normalised at 950°C then tempered at 700°C. The molybdenum 
content reaches up to 18 wt.% of the MX precipitates whereas MX precipitates in 'standard' 
P9l contain very little molybdenwn or none at all. This must be due to the equilibriwn 
compositions of the various phases in the steel overall, but as molybdenum is recognised as a 
solid solution strengthener, it is possible that ·the strength of the steel may be adversely 
affected by the smaller than usual amount of molybdenum in the matrix. 
7.4.2 Effects a/high aluminium content on creep strength in P91 
The high-AI creep-tested material was similar to the normalised and tempered material high-
Al material in that it had a high aluminiwn content and the presence of aluminium nitride 
was detected. MX precipitates were predominantly spherical niobiwn carbide particles. 
Analysis of the head and the neck of the creep fractured material showed there to be 4 main 
differences between the two areas: 
1. The necked region contained a greater proportion of rod-shaped (16%) MX 
precipitates than the head (6%). 
2. The necked region contained a greater proportion of vanadiwn rich precipitates 
(33%) than the thermally aged head (4%) 
3. The necked region also contained Laves phase not detected in the head. 
4. The MX precipitate size in the necked region was 35% greater than in the head of 
the sample. 
The above four points suggest that the neck of the material subjected to high stress and strain 
contains a significant portion of vanadiwn rich particles, possibly of (V,Nb)(N,C) or 
V,Nb(C), while the thermally aged head contains almost exclusively (Nb,V)(C,N). Results 
from the fei F20 FEGTEM analysis indicate that nitrogen is present in the vanadium rich 
MX particles in the neck of the sample such that they are most probably (V,Nb)(N,C), so that 
153 
Chapter 8 
the precipitation of (V,Nb )(C) in the neck of the sample can be discounted. No nitrogen was 
present in niobium rich (Nb,V)(C,N), which is as expected. 
No experiments were carried out in an effort to quantify the amount of AIN present in either 
the head on the neck of the high-AI P91 crept samples. This was due to the difficulty in 
finding the AIN in the samples as they were often densely surrounded by M23C6 particles. It 
is not possible to therefore say whether or not there were fewer AIN particles in the neck as 
compared to the head, something that would account for the presence of excess nitrogen in 
the neck and the presence of a greater number of (V,Nb )(N,C) particles. One possible 
explanation for this result is that dislocations have been shown to be effective in aiding the 
accelerated coarsening of particles as they offer paths for the transfer of atoms. It is feasible 
therefore to propose that some stress enhanced dissolution of AIN may be occurring, which 
results in the release of nitrogen into the matrix and its subsequent combination with 
vanadium. This however, would mean that (V,Nb)(N,C) may begin to precipitate under long 
term creep conditions as nitrogen is released from the AIN, thereby increasing the creep 
strength of the material. 
A second possible explanation for the difference in MX chemical composition between the 
head and the neck of the crept sample may be due to the conditions under which the material 
was subjected to creep. It is unknown what the exact creep testing conditions of the high 
aluminium material were. Documentation suggests that both the head and the neck of the 
creep specimen were subjected to the same temperature. However, it is possible that the head 
of the specimen was not heated to the same degree as the neck. Thermodynamic calculations 
(Figures 8.16 and 8.17) suggest that in high-AI P91, AIN begins to dissolve at higher 
temperatures, such that (Nb,V)(C,N) is more stable than (V,Nb)(N,C). Experimental results 
from the normalised and tempered high-AI samples (Figure 8.3) suggest that AIN may begin 
to dissolve as low as 775°C. If the neck of the material experienced a higher temperature than 
the head, that may account for the presence of a greater number of vanadium rich particles as 
some AIN dissolution has occurred as a result of temperature, rather than strain, differences. 
These results suggest one of two things: the instability of AIN when subjected to strain or 
two; the possibility that temperature variations between the neck and the head of the material 
have resulted in significantly differing precipitation kinetics. If the latter case is true, this 
may mean that long term creep strength evaluation of the steel based on short term creep 
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tests may be relying on incorrect temperature data. 
The normally rod-shaped (V,Nb)(N,C) are recognised as being creep strengtheners (6,7) which 
may in part be due to their more complex shape (8,9) while grain size stabilisation has been 
attributed to (Nb,V)(C,N) (10,11,12,13). The crept material investigated in this chapter failed 
after 4730 hours at a stress of 130 MPa at 600°C. Creep tests by Bianchi et af (14) and 
Bursik et af (15) have shown that under these test conditions, P91 has a creep rupture life of 
between 5420 hours and approximately 7500 hours. Clearly, the steel discussed in this 
chapter has inferior creep strength which must partly be attributed to the presence of Laves 
phase and the lack of rod-shaped (V,Nb)(N,C) precipitates. The creep strength of the P91 
under investigation may therefore have been ·negatively affected by the precipitation of 
aluminium nitride. 
8.5 Summary 
A high aluminium content has been shown to affect the chemical composition of MX 
precipitates in normalised and tempered material. This change in chemical composition is 
also evident in subsequently creep-tested samples. Nitrogen, normally associated with 
(V,Nb)(N,C), has combined with aluminium to form AIN precipitates with a close packed 
hexagonal structure. The rod-shaped vanadium rich MX precipitates that occur in standard 
P91 have been replaced by spherical niobium rich precipitates with a low chromium content. 
The relatively poor creep properties on the material under investigation when compared to 
data found in the literature suggests that the lack of rod-shaped particles may indeed have 
caused poor creep response in the material. 
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9 Effects of cooling rates from normalising temperature on the 
microstructure of P91 
The importance and the effect of nonnalising and tempering heat treatments and the 
aluminium to nitrogen content on the microstructure of the steel, its properties and the 
chemical composition ofMX precipitates in P91 have been highlighted in previous chapters. 
It has also been highlighted in the literature review that cooling rates of greater than 100°C 
hour' I for P91 steel produce a completely martensitic structure, while cooling rates of 100°C 
hour'l or lower may result in ferrite fonnati~n as well as carbide precipitation. This is 
illustrated in the continuous cooling transformation diagram for P91 in Chapter 2, Figure 2.6. 
Such slow cooling rates may occur in the centre of large castings, possibly resulting in an 
incomplete martensitic microstructure. 
In order to assess the effects of slow cooling rates from the nonnalising temperature on the 
normalised only, and then the nonnalised and tempered, microstructure of P91, P91 samples 
were sUbjected to cooling rates of between 100°C hour'l and 2400°C hou(1 and the effects on 
the microstructure were characterised. 
9.1 Material 
The P91 pipe material was supplied to Powergen by ':alourec & Marmesmarm Tubes. The 
P9l material had been nonnalised for 30 minutes at 1060°C and then tempered for 120 
minutes at 760°C. Table 9.1 is the chemical composition of the steel derived by spark 
analysis. 
S Cr 
0.008 8.70 
Table 9.1 Chemical composition of the P91 derived by spark analysis, weight %, balance, Fe. 
9.2 Experimental procedures 
For optical microscopy, samples were etched using Villela's reagent for approximately 10 
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seconds and then photographed. For transmission electron microscopy (TEM), carbon 
extraction replicas (I) were used (Chapter 3). Vickers hardness testing was carried out using a 
30 kg load. An average of 7 measurements were taken from the cross section of the pipe 
material measuring approximately 2 cm2• 
9.3 Results 
9.3.1 Heat treatment 
Samples of the steel were re-normalised at 1060°C for 30 minutes and cooled at varying 
rates. Table 9.2 illustrates the cooling rates achieved when cooling from the normalising 
temperature to the martensite start (Ms) of approximately 400°C (2). These were 100°C hour-I 
(slow cooled), 396°C hour-I (medium cooled) and 5660°C hour-I (fast cooled). 
Nonnalised 1060°C for 30 minutes Cooling rate from nonnalising temperature to M, 
Slow cooled 100°C hour"' 
Medium cooled 396°C hour"' 
Fast cooled 5660°C hour-' 
Table 9.2 Cooling rated from nonnalising temperature to M, temperature 
Table 9.3 shows the cooling rates achieved when cooling from the Ms temperature to 200°C. 
These were 100°C hour-I (slow cooled), 133°C hour-I (medium cooled) and 2400°C hour-I 
(fast cooled). The samples were then tempered for 2 hours at 760°C initially and then for a 
further 28 hours at 760°C. The extended tempering times were in order to assess the lowest 
hardnesses that could be achieved in P91. Cooling rates from the tempering temperature were 
100°C hour-I in all cases. The slower cooling rates were achieved by lagging the material 
with Kaowool while the fast cooling rate was achieved by opening the furnace door. 
Normalised 1060°C Cooling rate from Nonnalised Tempered 2 hrs at 760°C Tempered 30 hrs at 
for 30 minutes M to 200°C hardness hardness 760°C hardness 
Slow cooled 100°C hour-' 421 HV30 223 HV30 205 HV30 
Medium cooled 133°C hour-' 433 HV30 229 HV30 210 HV30 
Fast cooled 2400°C hour-' 435 HV30 233 HV30 215 HV30 
Table 9.3 Cooling rates from M, temperature to 200°C and subsequent hardnesses_ Tempered material was air-
cooled at 100°C hour"' 
The cooling rates are illustrated graphically in Figure 9.1. 
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Figure 9.t Cooling ra les for P9! slow, medium and fasl cooled from I060°C 
9.3.2 Optical analysis 
9.3.2.1 Effects of cooling rate on renormalised samples 
Figure 9.2 represents optical images taken at IOOOx magnification of nonnalised only and 
nonnalised and tempered material. Figure 9.2a is of the slow cooled material (100°C hOU(I ), 
and represents a typical area witilin the microstructure. It can be seen that 18 areas of dense 
precipitation exist, such that there is approximately I region in every 873 !1J112 of material. 
Figure 9.2b is of the medium cooled material ( 133°C hOU( I) and Figure 8.2c of the fast 
cooled material (2400°C hour· I). It can be seen that the medium and fast cooled material s 
appear virtually identical under optical examination. 
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Figure 9.2 
a. P91 cooled at 100°C hour ' to M, 
temperature from normalising 
temperature 
b. P91 cooled at 133°C hour ' to M, 
temperature from normalising 
temperature 
c. P91 cooled at 2400°C hour ' to 
M, temperature fro m norma lising 
temperature 
Chapter 9 
The slow cooled material shows a normalised structure that is similar to the medium and fast 
cooled materials but that also contains areas of dense precipitation on prior austenite grain 
boundaries. Both the medium and fast cooled materials show a normalised structure that is 
typical of martensite seen in P9 1. There is no apparent precipitation eviden t on prior 
austenite grain boundaries or martensite lath boundaries. Table 9.3 illustrates the hardnesses 
of these normalised materi als. It can be seen that the hardness varies between 421 HV30 for 
the slow cooled material and 435 HV30 for the fast cooled. This is very similar to the 429 
HV30 hardness of the material re-nomlalised for 1.5 hours and air cooled from 1040°C in 
Chapter 6. With each Vickers hardness indentation measuring approximately 300 Ilffi across, 
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it is clear that the hardness measurement include areas of the dense prec ipitation. 
9.3.2.2 Effects of cooling rate on renonnalised and retempered samples 
Figure 9.3 shows the materials slow cooled (J oooe hour-I). medium coo led ( 133°e hou( l) 
and fa t cooled (24000 e hou( l) then subjected to 2.5 hours tempering at 760oe. 
Figure 9.3 
a. P91 cooled al loooe hour' 10 M. 
temperature from normalising 
temperature then tempered 2.5 hours 
al 7600e 
b. P91 cooled at 133°e hour-' 10 M, 
temperature from nom1a lising 
temperature then lempered 2 .5 hours 
at 7600 e 
C. P91 cooled at 24000 e hour ' 10 
Ms temperature from normal ising 
temperature then tempered 2.5 hours 
at 7600 e 
After 2 hours tempering. the optical micrograph shows what appears to be a nonnal tempered 
martensitic structure consisting of fine precipitates on prior austenite grain boundaries and 
martensite lath boundaries. 
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Figure 9.4 is of the material slow cooled (IOO°C hour-\ medium cooled ( 133°C hour-I) and 
fast cooled (2400°C hOU( I) then subjected to a total of30 hours of tempering at 760°C. 
Figure 9.4 
a. P91 cooled al lOooe hou(1 to M. 
temperature from nomlalising 
temperature then lempered 30 hours 
at 760°C. Arrow indicates an area 
devoid of precipitation. 
b. P91 cooled at 133°e hOU(1 to M. 
temperature from normalising 
lemperature Ihen tempered 30 hours 
at 7600 e 
C. P91 cooled at 24000 e hOU(1 to 
Ms temperature from nonnalising 
temperature then tempered 30 hours 
at 7600 e 
Observation of the samples showed a typical tempered martensitic structure but ome 
coarsening of precipitates is apparent after 30 hours, as expected. It can also be seen in the 
slow cooled material (Figure 9.4a) that there appear to be areas devoid of precipitation, as 
indicated by the arrow. The frequency of the occurrence of such areas was not measured, but 
these areas were not found in the material tempered for 2 hours. The various cooling rates 
from normalising appear to have had an effect on the hardness of the tempered material . This 
can be seen in Table 9.4, where material slow cooled from normali sing has a hardness of205 
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HV30 after 30 hours tempering at 760°C. This increases to 215 HV30 fo r material subjected 
to fast cooling from nonnalising then tempered for 30 hours at 760°C. It was apparent that 
materials medium cooled and fast cooled were very similar in both the microstructure and 
hardness. It was therefore decided to examine both the slow and medium cooled materials 
using transmission electron microscopy, with particular emphasis being paid to the 
precipitation in the slow cooled material. 
9.3.3 Transmission electron microscopy 
The nonnalised only material subjected to slow cooling was examined in the TEM in an 
effort to identify the areas of dense precipitation. Figure 9.5 is a low-magnification carbon 
replica image of the area of the pearlitic like phase seen in the slow cooled nonnalised 
sample. This shows the phase to be a dense cluster of precipitates on what appear to be prior 
austenite grain boundaries. EDX analysis of this cluster as a whole indicated that the main 
constituent was M23C6 as the average chemical composition was 3 1 wt.% Fe, 54 wt.% Cr, 
2 wt.% V, I wt.% Nb and 11 wt.% Mo. 
Figure 9.S 5000x magnification TEM carbon replica image of the nonnalised sample cooled at 100°C hou(1 
from the Ms temperature. This shows an area with dense precipitation on prior austcnite grain boundaries. EDX 
analysis of the whole cluster indicated the presence of M"C, 
Figure 9.6 shows what appear to be spherical shaped particles found on the periphery of 
another large cluster. Analysis of this cluster as a whole revealed an average chemical 
composition of36 wt.% Fe, 51 wt.% Cr and 10 wt.% Mo. Electron diffraction of a particle in 
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this cluster revealed a face centered cubic structure with a lattice parameter a= I.033 nm. It 
was concluded therefore that these spherical particles were also M23C6, [35-0783] in the 
ICDD-JCPDS (3) catalogue. 
100 run 
-
Pigure 9.6 TEM image of spherical panicles found on the periphery ofa cluster of precipitates in re-normalised 
material slow cooled at 100°C hour ' from the M, temperature. EleclTon diffract ion pattern shows a face 
-
centered cubic structure consistent wi th M" C" z = [1 12]. Lattice parameter a= 1.033 nm 
Figure 9.7 is of a precipitate with a very unusual morphology not encountered before during 
experiments carried ou t within this thesis. 
Pigure 9.7 TEM image of precipitation found on the periphery of a cluster of precipi tates in re-normalised 
material slow cooled at 100°C hour ' from the M, temperature. Electron diffraction pattern shows a race 
centered cubic structure identical to M" C" z= [011]. Lattice parameter a= I.066 nm 
EDX analysis revealed a chemical composition of37 wt.% Fe, 51 wt.% Cr, 1 wt.% V and 11 
164 
Chapter 9 
wt.% Mo. Electron diffraction indicated a face centered cubic structure. These data are 
typical of Mn C6. It may be possible that the spherical shaped precipitates in Figure 9.6 are 
infact the same precipitates in Figure 9.7 viewed along their cross section. 
Figure 9.8 is of some rod shaped particles also found on the periphery of the same cluster. 
These had a chemical composition of7 wt.% Fe, 70 wt.% Cr and 20 wt.% Mo with additions 
of niobium and vanadium. The electron diffraction pattern of one of the particles showed a 
hexagonal structure with lattice parameters of c=0.446 nm and a=O.27 nm. It was concluded 
that the particles were chromium rich (Cr,Mo)2C, mentioned in the literature as the precursor 
to Mn C6 when tempering 9 wt.% Cr, 1 wt.% Mo steels(4.5.6) 
. 
Figure 9.8 TEM image of rod shaped particles found on the periphery of a cluster of precipitates in re-
normalised material slow cooled at 100°C hour" from the M, temp:r~lUre. Electron diffraction pattern shows a 
close-packed hexagonal structure identical to (Cr,Mo ),C, Z = [1213 ]. Lanice parameter a=O.297 nm and 
c=0.446 nm. 
Figure 9.9 shows fine needle like precipitates, measuring approximately 100 nm x 10 11111, 
found distributed outside the areas of agglomeration. EDX analysis of two of these particles 
revealed a mean chemical composition of 77 wt.% Fe, 13 wt.% Cr and 11 wt.% Mo. It was 
not possible to obtain clear electron diffraction patterns from these particles due to their 
small size, but their chemical composition makes it likely that they are cementite, in this 
case, (Fe,Cr,Mo)3C (5). 
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50nm 
Pigure 9.9 Precipitate highlighted by the arrow shown to be Cementite, (Fe,Cr,Mo),C, by EDX analysis 
In addition to the above precipitates, both niobium rich and vanadium rich MX particles were 
also present outside the areas of dense agglomeration. The average composition of 7 of these 
MX precipitates in the slow cooled material was found to be 57 wt.% V, 33 wt.% Nb and 5 
wt.% Cr. This chemical composition is imilar to that found in MX precipitates in 
nomlalised material from prevIOus investigations (Chapters 5&6). No M23C6 was found 
outside the carbide clusters. 
EDX analysis of the sample slow cooled from the normalising temperature and subsequently 
tempered for 2 hours at 760°C showed the presence of both M23C6 and vanadium rich MX. 
No (Cr,Mo)2C or cementite was found, indicating that the transformation of (Cr,Mo)2C to 
M23C6 had been completed during tempering. The average chemical composition of 20 MX 
precipitates was 14 wt.% Cr, 64 wt.% V and 2 1 wt.% Nb and was therefore simi lar to that 
found in previous investigations (Chapters 5&6), while the M23C6 had an average chemical 
composition of 61 wt.% Cr, 26 wt.% Fe and 13 wt.% Mo. Table 9.4 presents a summary of 
the chemical composition of the various precipitates found in the P91 samples examined 
using the TEM. The raw data for the chemical composition of both MX and M23 C6 in the 
material slow cooled then tempered for 2.5 hours are presented in Appendix 5. 
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Sample Description Precipitate Fe Cr Nb V Mo 
Figure 8.5 Cluster, slow cooled from normalis ing_ M'11C(, 3 1 54 I 2 I I 
Figure 8.6 Cluster, slow cooled from no mlalis ing M.,]C" 36 5 1 - - 10 
Figure 8.7 Cluster, slow cooled from normalising MnC. 37 51 - I I I 
Figure 8.8 Cluster, slow cooled from normalising (Cr,Mo),C 7 70 - - 20 
Figure 8.9 Mean of2 fine, needle like precipitates, (Fe,Cr,Mo),C 77 13 - - II 
outside aggiOmeralions 
- Mean of individua l precipitates outside MX - 5 33 57 -
agglomerations, slow cooled fro m 
normalising 
- Mean of individual precipi tates, slow MX - 14 2 1 64 -
cooled from normal ising and tempered 
2.5 hours 
- Mean of individual precipitates, slow MnC• 26 6 1 - - 13 
cooled from normal ising and tempered 
2.5 hours 
Table 9.4 Summary of various precipitates present in the material slow cooled ( 100°C hou(l) fro m normalising 
only. and slow cooled from nomlalis ing then tempered for 2.5 hours at 760°C 
9.4 Discussion 
The effect of slow cooling from normalising on P91 can be separated into the effects on the 
normalised only, and the normalised and tempered, microstructure. 
9.4.1 Effect oJ cooling rates on the normalised microstructure 
It is clear that the slow cooling rate of IOO°C hOU(1 from the normalis ing temperature has an 
effect on the normalised microstructure. TEM and EDX analyses have shown the presence of 
a pearlite-like phase which contains M23C6 and (Cr,MohC. 
Figure 9.10 is an illustration of the continuous cooling transformation diagram of P9 1 with 
the slow (lOO°C hour-I ), medium ( 133°C hour-I) and fast (2440°C hour-I) cooling rates 
superimposed onto it. The cooling rates are diagrammatic representations are not based on 
the acquired data. 
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Figure 9. 10 CCT diagram of P91 with cooling rates of 100°C hour ', 133°C hour ' and 2440°C hour ' 
superimposed onto it 
At a cooling rate of 100°C hou( I, the cooling curve passes through an area that a llows the 
formation of ferrite and carbide. (Cr,Mo)2C is a precursor to the fo rmation of M23C6, so it 
appears that the slow cooling rate does not allow the complete transformation of (Cr,Moh C 
to M23C6. The lenticular microstructure of the Mn C6 suggests that it is formi ng during the y 
to a. transform.ation to create a pearlite-like structure, but with M23C6 replacing Fe3C due to 
the presence of other strong carbide formers. This process is ill ustrated diagrammatically in 
Figure 9. 11 . The movement of the ferrite/austenite phase boundary means that the Mn C6 
precipitates perpendicular to the phase boundary. The spherical M23C6 encountered in 
Figure 9.6 may be no more that these M23C6 ' fingers' seen in cross section. The presence of 
(Fe,Cr,Mo )3C outside the areas of dense agglomeration further suggests the M23C6 is not 
occurring as a result of autotempering, but as a result of a reconstructive ITansformation 
mechanism. However, the fact that cementi te does exist within the materi al suggests that 
autolempering at lower temperatures i occurring, but at a rate that does not a llow the 
complete transformation of cementite to M23C6. 
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Figure 9. t t Movement of the ferrite phase boundary within austenite causes the precipitation of lenticular 
M"C. perpendicular to that boundary 
The slow cooling rate does not appear to have a significant impact on the chemical 
composition of MX precipitates found outside the "pearlite-like" phase tn the 
normalised-only material . Figure 9. 12 illustrates the chemical composition of MX 
precipitates in P9 l nonnalised at 950°C or II OO°C for 1.5 hours and air cooled (Chapter 6) 
and material normalised at 1060°C for 30 minutes then slow cooled at \OO°C hOU,-I_ I.n 
addition to the transformation mechanism that creates the "pearlite-like" M23C6 described 
above, aging of MX precipitates remaining from the previous normalising and tempering 
heat treatment is occurring, as their chemical composition, comprising about 5 wt_% Cr, is 
well below the 15 wt. % or more usually encountered after tempering (Chapter 5)_ It is clear 
that Nb,V(C,N) appears to be the more stable phase at higher temperatures as previously 
discussed in Chapters 5&6. 
169 
65 
~ 
o 60 
:E 
Cl 55 
'0; 
3 50 
§ 45 
~ 40 
o 
c. 35 
E 
o 30 
" co 25 
" 'E 20 
QJ 
.I:: 15 
" c 10 
co 
~ 5 t-==~==~==~==~==~~~==~~~ 
950 1000 1050 1100 
Normalising temperature, ·C 
• Cr 
• V 
... Nb 
Chapter 9 
Figure 9.12 Chemica l composition ofM X precipitates in P9 1 nomlalised at 950°C or I 100°C for 1.5 hours and 
a ir cooled and material nonmalised at 1060'C for 30 minutes then slow cooled at 100' C hour ' 
9.4.2 Effect of cooling rates on the normalised and tempered microstructure 
It is apparent that the hardness values of all the normalised and tempered samples mirror the 
hardness values of the normalised only samples (Table 9.3). Thus, the normalised and 
tempered materia l subjected to the fastest cooling rate from nonnaiising is the hardest at 
215 HV30 after 30 hours of tempering, while the normalised and tempered material 
subjected to the slowest cooling rate from normalising is the softest at 205 HV30 after 30 
hours of tempering. 
The immediate difference between the normalised only and the normalised and tempered 
materials is the lack of presence of the dense precipitate agglomerations seen in the 
normalised only material. The apparent dissolution of these mainly M23C6 precipitates during 
tempering appears to have occurred well below the M23C6 dissolution temperature of 850°C, 
calculated in Figure 5.4, Chapter 5. There may be two reasons for thi s phenomenon. Firstl y, 
in order to reduce the free energy of the system, the lenticular-shaped M23 C6 wi 11 tend to 
spherodise. Once this occurs, they wi ll be harder to differentiate from M23C6 that precipitates 
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during tempering. Secondly, the presence of these M23C6 agglomeration on what appear to be 
prior austenite grain boundaries , will allow the rapid diffusion of solute atoms to and from 
the M23C6, thus enabling their rapid dissolution. The driving force for the spheridisation and 
dissolution of the M23C6 has to be greater than the driving force for coarsening, as the latter 
will tend to create larger precipitates in order to reduce the free energy of the system. The 
areas devoid of precipitation that appear after 30 hours of tempering (Figure 9.4c) are 
therefore unlikely to be areas offerrite, as the ferrite would also include some precipitation. It 
is more likely that they are areas that have been under-etched, or where martensite lath 
boundaries are not very well defined. 
Figure 9.13 illustrates the mean chemical composition of 20 MX precipitates in slow cooled 
and tempered P91 and compares it to the chemical composition of MX precipitates from the 
re-normalised and re-tempered P91 discussed in Chapter 6. These samples had been 
normalised at 990°C, 1040°C or I1 OO°C for 1.5 hours, then tempered for 2.5 hours at 760°C. 
The effects of slow cooling on the mean MX chemical composition appears to be negligible, 
as the chromium, vanadium and niobiunl contents are broadly simi lar for all the samples 
illustrated. 
Similarly, Figure 9.14 illustrates the mean chemical composition of 10 M23C6 precipitates in 
slow cooled and tempered P91 and compares it to the chemical composition of M23C6 
precipitates from the aged P91 discussed in Chapter 5. The latter sample had been normalised 
at 1040°C, for 1.5 hours, tempered for 2.5 hours at 760°C then aged at 750°C for I hour. The 
effects of slow cooling on the mean M23C6 chemical composition appears to be negligible, as 
the chromium, iron and molybdenum contents are very similar for both the sample 
illustrated. 
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9.5 Summary 
P91 material subjected to a slow cooling rate of !OO°C hour-! allows the reconstructive 
transfonnation of part of its microstructure from austenite to a pearlite-like phase consisting 
of ferrite + M23C6. (Cr,Mo)zC is also present, indicating the incomplete transfonnation of 
some (Cr,Mo)2C to M23C6. The presence of cementite within the microstructures is further 
evidence that the pearlite-like M23C6 is not occurring as a result of autotempering. 
Subsequent tempering of the material completes the transfonnation of cementite and 
(Cr,Mo)zC to M23C6, such that the tempered microstructure appears nonnal. Dissolution and 
disintegration of the lenticular M23C6 occurs such that there is no apparent evidence of its 
prior existence in the nonnalised microstructure. 
It is unlikely that cooling rates as low as 100°C hour-! from nonnalising are experienced 
inside the cores of large castings, although no experiments have been carried out in this 
thesis to confinn this either way. In instances where such slow cooling rates may occur, 
experimental results suggest that the MX chemical composition after tempering does not vary 
significantly from material subjected to faster cooling rates. The chemical composition of 
MX precipitates may therefore still be a useful indication to the pre-service heat treatment 
and thennal history of P9! regardless of the specific cooling rates from nonnalising. 
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10 Conclusions 
The purpose of this research project was to identify a method that may be used to firstly 
asses the thermal history ofP91 and secondly, to identify material subjected to incorrect pre-
service heat treatment. 
In order to do this, the most straightforward method of optical image analysis was first 
tested. It is apparent from the results in Chapter 4 that the use of optical methods to identify 
non-standard pre-service heat treatments in this thesis provides inconsistent results. This is 
mainly due to the inherent problems in creating reproducible images that can be subjected to 
optical image analysis. Also, the microstructure of the steel contains fine MX and M23C6 
precipitates that cannot be identified except using transmission electron microscopy. 
The project then focussed on determining the effects of time and temperature on the various 
minor phases in P91. From results in Chapter 5, it appears that M23C6 precipitates close to its 
equilibrium composition and is therefore not a suitable marker as very little change is evident 
in its chemical composition as a function of aging. The MX phase however precipitates quite 
far from its equilibrium composition, such that its chromium content decreases in a very 
consistent and steady manner from over 15 wt. % after an initial 2.5 hours tempering, to the 
calculated equilibrium composition of approximately 0 wt.%. A change in morphology is 
also observed where initially vanadium rich, rod shaped MX precipitates age and become 
more spherical in shape and more niobium rich. The rate of chromium decrease appears to be 
much slower than the process of thermal softening of the steel, such that the chromium 
content of MX precipitates in P9l steel may provide a useful indicator to the thermal history 
of the steel. 
Experiments were then carried out to assess the effects of non-standard pre-service heat 
treatment on the chemical composition of MX precipitates in Chapter 6. Material was 
under-normalised at 950°C for 1.5 hours then tempered at the standard 760°C for 2.5 hours. 
The tempered material exhibits a microstructure that appears similar to material subjected to 
'standard' heat treatment of normalising at I040°C then tempering at 760°C. However, the 
chromium composition of the MX phase is slightly lower to begin with after 2.5 hours of 
tempering at 760°C and thereafter decreases at a faster rate. The use of the chromium content 
of MX precipitate in P91 steel may therefore provide a useful indication to both the pre-
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service heat treatment and the thermal history of the steel in material with a 'standard' 
chemical composition. 
In Chapter 7, the technique of photo correlation spectroscopy was investigated as a possible 
method for measuring the particle size of a large number of extracted carbides automatically. 
Preliminary results appeared to show a bimodal distribution of fine MX and larger M23C6, 
although it was not possible to fully corroborate these results using manual particle sizing 
methods as the data acquired to the latter was not large enough. The technique of PCS is 
quite promising, but further investigation is required. 
Further efforts were made in Chapter 8 to identify the effects that a 'non-standard' steel 
composition may have on the progression of MX precipitates with both time and 
temperature. A high aluminium content is known to affect the precipitation of (V,Nb )(N,C) 
in P91 and experiments carried out in this thesis confirm that a high aluminium to nitrogen 
ratio results in the precipitation of mainly spherical niobium rich (Nb,V)(C,N) with a very 
low chromium content. This is as a result of the precipitation of AlN that uses up the 
available nitrogen. The effects of this on the creep strength of the material have not been 
ascertained, although examination of crept P91 samples with high and standard aluminium 
content appears to indicate that the high aluminium content results in lower creep strength 
than material with a standard chemical composition, which may mean that AlN precipitation 
is detrimental to the steel. In the unlikely event that a P9l steel with a high Al:N ratio is 
made by the manufacturer, the predominance of the (Nb,V)(C,N) with a low chromium 
content means that the chromium content in this instance is not a suitable indicator for either 
the thermal history or the pre-service heat treatment of the steel. 
Finally, the effects of slow cooling rates of 100°C hour'] from normalising on the 
as-tempered microstructure of P91 was investigated in Chapter 9. This was to assess the 
effects of possible slow cooling rates in the cores of large castings. The slow cooling rate 
appears to have two effects on the normalised only steel: firstly, autotempering occurs which 
results in the precipitation of (Fe,Cr,Mo)3C and the incomplete transformation of M2C to 
M23C6 throughout the matrix and secondly, the reconstructive transformation of austenite to 
ferrite + M23C6 has bee observed which results in a pearlite-like phase. Upon tempering of 
this material, no evidence of the existence of this pearlite-like phase is apparent and there is 
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no discernible difference between slow cooled (100°C houro ') and fast cooled material (~ 
133°C houro ') materiaL The chemical composition of the MX phase in the slow cooled 
material appears to be unaffected and is very similar to that found in material subjected to air 
cooling. 
It is easier in practice to make carbon replicas of the steel in the laboratory in order to 
facilitate the investigation of the chemical composition of MX precipitates, but it is also 
possible to obtain small metal samples from material in situ and to replace the removed 
metal with a weld where necessary. The effects of cooling rate appear to have no effect on 
the chemical composition of the MX phase and it is unlikely that a high Al:N ratio would be 
a requirement in the manufacture of this steer. The use of the chromium content of MX 
precipitates may therefore prove to be a reliable method of assessing both the pre-service 
heat treatment and the thermal history of P9l steel. 
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11 Further work 
The work outlined in this thesis has provided several avenues for further investigation. 
It was concluded that the chromium content of MX precipitates may provide a good 
indication to both the thennal history and pre-service heat treatment of the steel. This is 
based on a material of a standard chemical composition. Further experiments are required to 
assess if this method is suitable for other cast variations. This may first be done using 
thennodynamic calculations to assess the equilibrium chemical composition of the MX 
phase, as the success of this method relies on the fact that at equilibrium, the MX phase 
contains virtually zero wt. % Cr as compared "to over 15 wt. % after initial tempering. In 
addition more advanced steels such as E911 and P91 that contain additions of that employ 
tungsten or boron also contain MX precipitates and it would be interesting to note whether or 
not the rate of chromium depletion, or another constituent of the MX phase, can also be used 
to assess the thennal history of the steel. 
The change from initially rod-shaped to spherical shaped MX precipitates during thennal 
aging may affect the creep strength of the material. Experiments should be carried out to 
gauge the consequences of this change in morphology. This may be done by designing a 
steel that contains only spherical particles or rod-shaped particles after tempering and 
assessing their relative creep strengths. For example, P91 containing only vanadium may 
result in a steel with only rod-shaped MX particles, while a steel that contains only niobium 
may contain only spherical shaped MX particles. However, as this will result in a change in 
the matrix composition, with subsequent effects on other properties of the steel, other 
methods may need to be investigated. In addition, a high aluminium content has been shown 
to reduce the number of rod-shaped particles in the steel. The effects of a high aluminium 
content specifically on the creep strength of the material should be investigated more 
thoroughly. The impact of the change in particle size and morphology on welded structures 
should also be investigated, particularly the changes in MX precipitates close to the heat 
affected zones. 
A method for the rapid measurement of the particle size in steel has been tested. Preliminary 
results indicate that the use of photo correlation spectroscopy may be more rapid than the 
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traditional method of optical image analysis of photographs of carbon replicas. The effects 
of agglomeration of the particles in solution and the presence of elliptical shaped particles on 
the final results have not been investigated thoroughly. In order to more fully explore the 
reliability of this method, a steel containing only spherical shaped particles should be first 
investigated and the effectiveness of anti-agglomeration techniques, such as the use of 
surfactants or sonation need also to be investigated. The results should then be compared to 
results obtained from the more traditional technique of optical image analysis. 
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Appendix 1 
The following describes the Quantimet operation for the detection of black space. 
I. Ensure the lights in the room are dimmed or switched off so as not to interfere with the 
lights from the Quantimet lamps. 
2. Remove lens cap from the lens. 
3. Switch on Quantimet and on the prompt C:/Q570 enter "go". 
4. Go to the "Image setup" menu. 
5. Place an optical micrograph under the glass plate. 
6. Manually adjust the focus on the lens and" ensure that most of the image is in the red 
frame. 
7. Go to the "Frames" menu and adjust the red and blue frames to encompass the desired 
area of the image. 
8. Remove the optical micrograph from beneath the glass plate. 
9. Select the "Shading" menu. 
10. Ensure that the field of view of the lens contains only a white image. 
11. Click on "Set" and select "Set up Blank Field". 
12. To verify that the blank field has been set up correctly, go to the "Acquire" menu. 
13. Ensure the "Output" is "Grey image zero" 
14. Set the "Average" to 8 and click on "Average n frames". 
15. Go to the "Detect" menu 
16. Ensure that the input image is "Grey image zero". 
17. Set the "Detected function" to "Black". 
18. Select the bar labelled "Black" and move it up so the figure approaches 256. 
19. If the image screen turns uniformly red, the shading has been set correctly. 
20. If there seems to be some bias for the screen to turn red in certain areas, then adjust the 
lamps, ensure that the glass plate and white table are clean and repeat steps 6-14. 
21. Go to the "Image Setup" menu 
22. Place the desired area of the photomicrograph under the glass plate within the red frame. 
23. From "Image setup" menu, select "Continuous Auto Lamp" 
24. When "White Level" reaches 100, go to the "Acquire" menu. 
25. Ensure the "Output" is "Grey image zero" 
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26. Set the "Average" to 8 and click on "Average n frames". 
27. Go to the "Transform" menu. 
28. Ensure the "Input" is "Grey image zero", the "Operator" is "Octagon", the "Size" is set 
to 2 and the "Output" is "Grey image I". 
29. Click on "Delineate". 
30. Ensure the "Input" is "Grey image I", the "Operator" is "Octagon", the "Size" is set to 2 
and the "Output" is "Grey image 2". 
31. Click dn "Sharpen". 
32. Go to the "Detect" menu 
33. Ensure the "Input image" is "Grey image 2" 
34. Click on "Auto detect". 
35. Go to the "Measure field" menu. 
36. Ensure the "Measure plane" is set to I. 
37. Click on "Measure". 
38. The amount of black space detected on the image will be the "Area fraction". 
39. To analyse further images, go to step 2l. 
40 Exit and switch off at the wall socket. 
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This appendix contains the raw data for the chemical composition and particle size and 
morphology of MX and M23C6 precipitates in long term aged P91. Bold font indicates 
niobium rich (Nb,V)(C,N) particles. 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 8310 hours at 600°C 
Fe er v Nb Mo longest axis size (nm) Description 
0 11 89 0 0 33 spherical 
0 16 84 0 0 100 rod 
0 16 84 0 0 100 rod 
0 16 84 0 0 67 rod 
0 17 83 0 0 33 rod 
0 17 83 0 0 188 rod 
0 21 79 0 0 83 rod 
0 22 78 0 0 33 spherical 
2 IS 76 8 0 550 rod 
0 17 75 8 0 67 rod 
9 17 74 0 0 50 rod 
3 12 73 11 0 125 rod 
0 18 72 10 0 lOO rod 
0 16 72 12 0 100 rod 
2 10 72 16 0 83 rod 
13 IS 72 0 0 63 rod 
0 14 72 14 0 50 spherical 
0 17 72 12 0 83 rod 
0 IS 71 14 0 83 rod 
0 18 68 14 0 117 rod 
0 15 68 17 0 117 rod 
0 IS 66 19 0 125 rod 
4 16 66 14 0 100 rod 
5 IS 65 15 0 105 rod 
0 11 64 25 0 117 elliptical 
6 20 62 12 0 92 rod 
28 10 62 0 0 80 rod 
0 17 61 22 0 100 rod 
0 11 59 30 0 lOO elliptical 
0 22 58 20 0 33 spherical 
I 8 56 37 0 75 spherical 
0 8 46 52 0 167 v-wing 
0 13 46 41 0 60 v-wing 
0 2 9 90 0 233 v-wing 
~verage 2 15 68 IS 0 108 
~tandard deviation 5 4 IS 18 0 90 
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• Chemical composition for M23C6 precipitates in P91 aged 8310 hours at 600°C 
Fe Cr V Nb Mo 
0 0 0 0 0 
20 66 0 0 14 
22 63 1 0 14 
21 63 0 0 16 
20 63 4 0 14 
22 62 0 0 17 
20 60 0 0 20 
21 63 1 0 15 
19 65 0 0 15 
20 63 2 0 15 
20 66 0 0 14 
24 62 0 0 14 
24 62 0 0 14 
22 61 1 0 16 
23 61 1 0 15 
21 65 1 0 14 
20 66 0 0 14 
24 63 2 0 11 
26 58 2 0 14 
22 62 2 0 14 
19 66 0 0 15 
22 61 0 0 17 
Average 22 63 1 0 15 
Standard deviation 2 2 1 0 2 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 8310 hours at 650°C 
Fe Cr V Nb Mo longest axis size (run) Description 
0 \3 87 0 0 60 rod 
0 14 86 0 0 lOO rod 
0 16 84 0 0 75 rod 
0 16 84 0 0 50 rod 
0 17 83 0 0 75 rod 
0 17 83 0 0 55 rod 
0 12 79 9 0 100 rod 
0 12 76 12 0 70 rod 
0 12 76 \3 0 50 rod 
0 12 75 \3 0 125 rod 
11 15 74 0 0 25 spherical 
0 13 73 14 0 50 rod 
0 16 72 12 0 75 rod 
0 15 72 13 0 75 rod 
0 13 70 17 0 100 rod 
0 11 67 22 0 25 spherical 
0 11 67 22 0 lOO rod 
0 14 66 20 0 63 rod 
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0 10 65 25 0 88 elliptical 
0 9 65 26 0 88 elliptical 
0 15 65 20 0 63 rod 
I 11 63 25 0 75 spherical 
0 10 62 27 0 88 rod 
0 13 62 25 0 75 rod 
0 12 54 34 0 42 rod 
0 10 52 38 0 210 rod 
0 10 50 40 0 75 elliptical 
0 7 38 55 0 63 spherical 
0 7 36 57 0 63 rod 
2 6 32 59 0 150 elliptical 
~verage 0 12 67 20 0 78 
~tandard deviation 2 3 15 17 0 36 
• Chemical composition for M23C6 precipitates in P91 aged 8310 hours at 650°C 
Fe Cr V Nb Mo 
19 68 0 0 13 
17 67 0 0 16 
18 68 0 0 14 
20 67 0 0 13 
18 67 0 0 15 
18 68 0 0 14 
19 67 0 0 14 
18 66 0 0 16 
18 64 0 0 18 
17 68 3 0 12 
15 64 0 4 17 
17 65 I 3 13 
17 68 0 0 15 
16 67 0 0 17 
17 67 0 0 16 
16 69 0 0 15 
V\verage 18 67 0 0 15 
!Standard deviation I I I I 2 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 8360 hours at 700°C 
Fe% Cr"1o V% Nb% Mo% longest axis size (nm) Description 
0 20 80 0 0 33 spherical 
0 10 76 14 0 60 elliptical 
0 11 74 15 0 lOO spherical 
2 13 74 12 0 150 rod 
0 14 72 14 0 33 spherical 
I 10 72 16 0 lOO elliptical 
0 16 71 13 0 60 elliptical 
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I 13 71 14 0 - -
0 13 71 15 0 67 spherical 
0 12 70 12 6 50 spherical 
3 15 70 12 0 70 rod 
I 10 68 15 5 100 rod 
0 12 68 21 0 60 spherical 
0 10 68 23 0 33 spherical 
0 17 67 16 0 50 spherical 
I 11 67 21 0 125 rod 
I 9 67 23 0 120 elliptical 
0 8 64 24 4 150 elliptical 
I 11 64 24 0 100 spherical 
3 11 64 18 4 150 elliptical 
0 8 64 28 0 180 spherical 
0 14 64 13 6 60 spherical 
2 12 63 22 0 40 spherical 
I 8 63 28 0 80 spherical 
0 10 58 32 0 35 spherical 
I 11 58 23 7 90 elliptical 
0 7 56 37 0 50 elliptical 
2 8 56 33 0 40 spherical 
I 5 51 43 0 60 elliptical 
3 10 50 37 0 50 spherical 
I 7 49 36 7 lOO spherical 
0 4 39 57 0 167 spherical 
Average I 11 65 22 I 83 
Standard deviation I 3 9 11 2 43 
• Chemical composition for M23C6 precipitates in P91 aged 8360 hours at 700°C 
Fe er V Nb Mo 
20 64 0 0 16 
21 67 0 0 12 
23 65 0 0 12 
21 62 0 0 17 
20 65 0 0 15 
19 62 4 0 15 
22 63 2 0 14 
20 60 2 4 14 
21 62 2 I 13 
20 60 2 4 14 
21 62 2 I 13 
21 66 0 0 13 
20 63 4 0 13 
21 66 0 0 13 
22 63 0 0 16 
22 63 0 0 15 
22 63 I 2 12 
22 63 3 I 11 
21 64 0 0 15 
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22 63 0 0 IS 
20 66 2 I 12 
0 0 0 0 0 
0 0 0 0 0 
Average 19 58 I I 13 
Standard deviation 6 18 I I 4 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 8360 hours at 750°C 
Fe er V Nb Mo longest axis size (nm) Description 
0 6 79 IS 0 117 spherical 
0 9 77 13 0 312.5 spherical 
0 6 74 20 0 175 spherical 
0 6 73 21 0 200 rod 
0 13 73 9 5 - -
0 9 73 18 0 ISO spherical 
0 8 72 20 0 ISO spherical 
0 8 72 18 0 80 spherical 
0 6 71 23 0 67 spherical 
0 8 71 21 0 70 spherical 
0 7 71 19 3 400 elliptical 
0 10 70 20 0 ISO spherical 
1 7 70 22 0 367 soherical 
0 8 70 22 0 225 spherical 
0 10 69 21 0 67 spherical 
0 6 69 25 0 ISO elliptical 
0 6 68 27 0 60 elliotical 
0 6 68 25 0 400 elliptical 
0 6 67 27 0 87.5 spherical 
0 6 67 23 4 583 spherical 
0 8 66 18 8 lOO soherical 
0 7 66 23 4 500 elliptical 
0 9 65 20 6 250 spherical 
0 7 65 27 0 lOO elliptical 
0 6 65 26 4 600 elliotical 
0 7 65 28 3 ISO elliptical 
0 9 64 21 6 417 spherical 
0 11 62 27 8 55 spherical 
0 6 62 31 0 125 spherical 
0 0 61 39 0 30 soherical 
0 9 61 23 8 lOO spherical 
1 7 59 29 4 125 spherical 
0 6 57 34 3 200 elliptical 
0 10 55 35 0 50 soherical 
0 2 8 81 9 SO spherical 
Average 0 7 66 25 2 196 
Standard deviation 0 2 11 12 3 160 
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• Chemical composition for M23C6 precipitates in P91 aged 8360 hours at 750°C 
Fe er v Nb Mo 
25 62 0 0 13 
25 61 0 0 14 
26 63 0 0 II 
26 63 0 0 12 
24 63 0 0 12 
26 61 I 0 II 
26 63 0 0 10 
23 60 5 3 9 
21 60 3 2 13 
23 60 0 0 16 
IAverage 25 62 I I 12 
~tandard deviation 2 I 2 I 2 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged I hour at 750°C 
Fe er v Nb Mo Longest axis size (nm) Description 
0 19 81 0 0 lOO rod 
0 22 78 0 0 125 rod 
0 23 77 0 0 40 spherical 
4 14 73 9 0 40 spherical 
0 13 72 14 0 50 rod 
0 18 71 11 0 60 rod 
8 20 70 0 0 
-
spherical 
0 16 69 12 0 25 rod 
0 16 69 15 0 lOO rod 
4 15 68 10 0 100 rod 
0 22 67 12 0 75 rod 
0 17 65 13 0 40 spherical 
0 19 64 11 0 60 spherical 
4 19 60 16 0 120 v-wing 
0 40 60 0 0 20 spherical 
6 19 60 15 0 117 rod 
6 15 59 26 0 
-
spherical 
0 17 57 26 0 75 rod 
1 8 55 36 0 100 rod 
0 7 31 62 0 150 v-win!! 
4 6 25 58 0 20 spherical 
IAverage 2 17 63 17 0 73 
~tandard deviation 3 7 13 17 0 40 
• Chemical composition for M23C6 precipitates in P91 aged 1 hour at 750°C 
Fe er v Nb Mo 
27 60 0 0 13 
26 60 0 0 14 
25 60 0 0 16 
26 62 0 0 12 
187 
Appendix 2 
27 61 0 0 13 
27 59 0 0 15 
27 61 0 0 13 
23 50 4 7 16 
27 62 0 0 15 
28 59 1 0 12 
26 59 0 0 14 
28 58 1 0 13 
27 59 0 0 16 
26 58 0 0 15 
29 60 0 0 10 
k\verage 27 59 0 0 14 
~tandard deviation 1 3 1 2 2 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged lOO hours at 750°C 
Fe Cr V Nb Mo longest axis size (nm) Description 
0 18 82 0 0 75 rod 
0 11 79 10 0 188 spherical 
0 11 74 15 0 63 spherical 
2 13 72 13 0 150 rod 
0 11 72 18 0 33 spherical 
0 17 70 14 0 80 rod 
0 14 70 14 0 80 spherical 
0 11 69 18 0 60 spherical 
0 14 69 17 0 50 spherical 
0 15 67 17 0 100 rod 
0 17 66 17 0 63 spherical 
0 12 66 23 0 125 rod 
0 18 64 18 0 50 spherical 
k\verage 0 14 70 16 0 87 
Standard deviation 1 3 4 3 0 46 
• Chemical composition for M23C6 precipitates in P91 aged 100 hours at 750°C 
Fe Cr V Nb Mo 
25 62 0 0 13 
26 61 0 0 13 
26 61 0 0 12 
0 61 0 0 12 
26 61 0 0 13 
28 61 0 0 10 
27 60 0 0 12 
25 61 0 0 13 
25 60 0 0 13 
25 59 0 0 15 
29 62 0 0 9 
28 65 0 0 8 
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Average 26 61 0 0 12 
Standard deviation I I 0 0 2 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 1000 hours at 750°C 
Fe Cr V Nb Mo longest axis size (nm) Description 
0 12 88 0 0 42 spherical 
0 14 86 0 0 42 spherical 
0 19 81 0 0 60 spherical 
0 20 80 0 0 27 spherical 
0 9 75 16 0 64 spherical 
0 25 75 0 0 33 spherical 
0 10 74 16 0 117 spherical 
0 0 73 27 0 60 elliptical 
0 11 73 16 0 40 spherical 
0 11 72 17 0 33.3 spherical 
0 12 72 16 0 50 spherical 
0 9 70 21 0 125 elliptical 
0 11 69 20 0 ISO elliptical 
0 10 69 21 0 75 elliptical 
0 9 68 23 0 167 elliptical 
0 9 68 23 0 175 elliptical 
0 12 68 20 0 33.3 spherical 
0 12 67 21 0 167 rod 
0 13 67 20 0 83 spherical 
0 10 66 24 0 75 spherical 
0 IS 66 19 0 67 spherical 
0 9 65 26 0 225 elliptical 
0 13 63 24 0 40 spherical 
0 0 63 37 0 20 spherical 
0 10 63 20 7 112.5 elliptical 
0 8 62 30 0 33 spherical 
0 0 61 39 0 50 spherical 
0 8 60 32 0 30 spherical 
0 9 60 31 0 50 spherical 
0 7 59 34 0 75 spherical 
0 11 59 16 14 
- -
0 7 58 35 0 200 elliptical 
0 13 58 18 0 lOO spherical 
0 9 56 26 10 67 spherical 
0 9 55 29 7 - -
0 10 52 26 12 42 spherical 
0 0 44 66 0 40 spherical 
0 5 19 59 16 75 spherical 
0 0 7 77 16 25 spherical 
0 0 5 73 23 38 spherical 
Average 0 9 62 26 3 77 
Standard deviation 0 5 17 18 6 54 
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• Chemical composition for M23C6 precipitates in P91 aged 1000 hours at 750°C 
Fe Cr V Nb Mo 
26 62 0 0 12 
25 61 0 0 14 
27 60 0 0 13 
19 45 19 4 11 
25 64 0 0 11 
27 61 0 0 11 
28 58 0 0 \3 
25 59 3 0 \3 
27 60 0 0 12 
27 62 0 0 11 
25 61 0 0 13 
26 59 0 0 14 
26 61 0 0 \3 
26 62 0 0 12 
26 61 0 0 13 
27 63 0 0 10 
26 61 0 0 13 
25 60 I 0 14 
25 63 0 0 12 
25 59 I 2 \3 
26 60 I I 12 
26 61 0 0 \3 
Average 26 60 I 0 12 
Standard deviation 2 4 4 I I 
• Chemical composition and particle size and morphology for MX precipitates in P91 
aged 8360 hours at 750°C 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 6 79 15 0 117 spherical 
0 9 77 \3 0 312.5 spherical 
0 6 74 20 0 175 spherical 
0 6 73 21 0 200 rod 
0 \3 73 9 5 - -
0 9 73 18 0 150 spherical 
0 8 72 20 0 150 spherical 
0 8 72 18 0 80 spherical 
0 6 71 23 0 67 spherical 
0 8 71 21 0 70 spherical 
0 7 71 19 3 400 elliptical 
0 10 70 20 0 150 spherical 
I 7 70 22 0 367 spherical 
0 8 70 22 0 225 spherical 
0 10 69 21 0 67 spherical 
0 6 69 25 0 150 elliptical 
0 6 68 27 0 60 elliptical 
0 6 68 25 0 400 elliptical 
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0 6 67 27 0 87.5 spherical 
0 6 67 23 4 583 spherical 
0 8 66 18 8 100 spherical 
0 7 66 23 4 500 elliptical 
0 9 65 20 6 250 spherical 
0 7 65 27 0 100 elliptical 
0 6 65 26 4 600 elliptical 
0 7 65 28 3 150 elliptical 
0 9 64 21 6 417 spherical 
0 11 62 27 8 55 spherical 
0 6 62 31 0 125 spherical 
0 0 61 39 0 30 spherical 
0 9 61 23 8 100 spherical 
1 7 59 29 4 125 spherical 
0 6 57 34 3 200 elliptical 
0 10 55 35 0 50 spherical 
0 2 8 81 9 50 spherical 
Average 0 7 65 25 2 198 
Standard deviation 0 2 11 12 3 160 
• Chemical composition for M23C6 precipitates in P91 aged 8360 hours at 750°C 
Fe% Cr"1o V% Nb% Mo% 
25 62 0 0 13 
25 61 0 0 14 
26 63 0 0 11 
26 63 0 0 12 
24 63 0 0 12 
26 61 I 0 11 
26 63 0 0 10 
23 60 5 3 9 
21 60 3 2 13 
23 60 0 0 16 
25 63 I 0 11 
Average 25 62 I I 12 
Standard deviation 2 I 2 1 2 
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This appendix contains the raw data for the chemical composition and particle size and 
morphology for MX and M23C6 precipitates in renormalised and retempered P91. Bold font 
indicates niobium rich (Nb,V)(C,N) particles. 
• MX normalised 1040°C then tempered 760°C 2.5 hrs 
Fe Cr V Nb Mo longest axis size (nm) Description 
0 17 83 0 0 62.5 elliptical 
0 18 82 0 0 50 rod 
0 19 81 13 0 lOO rod 
0 20 80 0 0 75 rod 
0 14 80 6 0 83 rod 
0 21 79 0 0 104 rod 
0 22 78 0 0 lOO rod 
0 6 78 10 0 83 rod 
0 23 77 0 0 83 rod 
0 16 76 8 0 75 rod 
0 17 75 7 0 75 rod 
0 19 75 7 0 87.5 rod 
0 18 74 7 0 112.5 rod 
0 17 74 10 0 75 rod 
0 13 74 14 0 125 rod 
0 19 73 8 0 50 rod 
0 17 73 10 0 62.5 rod 
0 17 73 10 0 167 rod 
0 18 73 9 0 125 rod 
0 21 72 7 0 62.5 rod 
0 19 72 9 0 125 rod 
0 16 72 12 0 75 rod 
0 17 72 \1 0 83 rod 
0 12 72 16 0 83 rod 
0 18 72 \1 0 104 rod 
0 22 71 7 0 75 rod 
0 18 71 \1 0 62.5 rod 
0 23 71 6 0 112.5 rod 
0 21 71 8 0 125 rod 
0 18 70 II 0 83 rod 
0 16 70 15 0 125 rod 
0 16 69 15 0 146 rod 
0 19 68 13 0 50 rod 
0 20 68 12 0 125 rod 
0 13 68 19 0 125 rod 
0 20 67 13 0 75 rod 
0 19 66 14 0 50 rod 
0 19 66 15 0 146 rod 
0 10 66 24 0 125 rod 
0 7 65 27 0 83 rod 
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0 15 64 15 6 87.5 rod 
0 20 64 16 0 75 rod 
0 12 63 25 0 83 rod 
0 22 62 17 0 166 rod 
0 21 59 20 0 42 rod 
0 16 59 24 0 42 rod 
0 18 57 25 0 125 rod 
0 17 56 27 0 125 rod 
0 12 55 29 4 125 rod 
0 \3 51 37 0 125 rod 
0 \0 49 41 0 167 rod 
f\verage 0 17 70 13 0 96 
~tandard deviation 0 4 8 9 I 33 
• MX normalised 990°C then tempered 760°C 2.5 hrs 
Fe% CI"1o V% Nb% Mo% Longest axis size (nm) Description 
0 13 87 0 0 67 rod 
0 15 85 0 0 50 rod 
0 17 83 0 0 lOO rod 
0 18 82 0 0 58 rod 
0 19 81 0 0 83 rod 
0 19 81 0 0 100 rod 
0 20 80 0 0 167 rod 
4 16 80 0 0 83 rod 
0 20 80 0 0 60 rod 
0 21 79 21 0 83 rod 
0 21 79 0 0 100 rod 
0 21 79 0 0 58 rod 
0 22 78 0 0 133 rod 
0 23 77 0 0 50 rod 
0 23 77 0 0 lOO rod 
0 24 76 0 0 67 rod 
0 24 76 0 0 100 rod 
0 25 75 0 0 83 rod 
0 17 73 10 0 50 rod 
0 13 73 10 4 100 rod 
0 12 73 22 0 lOO rod 
0 28 72 0 0 133 rod 
0 15 72 14 0 50 rod 
0 29 71 0 0 83 rod 
0 15 71 14 0 42 spherical 
0 12 71 17 0 150 rod 
0 14 70 16 0 83 rod 
0 14 70 16 0 lOO rod 
0 \3 70 17 0 lOO rod 
0 19 70 11 0 75 rod 
0 15 70 15 0 lOO rod 
0 13 70 17 0 120 rod 
0 20 69 12 0 67 rod 
0 14 69 17 0 67 rod 
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0 13 67 20 0 133 rod 
0 13 67 21 0 42 spherical 
0 17 67 16 0 100 rod 
0 20 66 14 0 100 rod 
0 17 66 17 0 125 rod 
0 15 65 19 0 133 rod 
0 18 65 17 0 83 rod 
0 15 63 22 0 83.33 rod 
0 15 58 27 0 100 rod 
0 12 58 30 0 125 rod 
0 17 56 27 0 83 rod 
9 18 54 20 0 67 rod 
0 19 51 0 30 100 rod 
0 12 48 40 0 150 rod 
0 10 47 43 0 83 rod 
!Average 0 17 71 11 I 91 
IStandard deviation I 4 9 11 4 30 
• MX nonnalised 11 OO°C then tempered 760°C 2.5 hrs 
Fe er V Nb Mo Longest axis size (nm) Description 
0 21 79 0 0 40 spherical 
0 13 77 10 0 90 rod 
0 14 75 11 0 100 elliptical 
0 13 75 12 0 60 rod 
0 15 73 12 0 60 rod 
0 10 71 19 0 60 elliptical 
0 17 70 14 0 100 rod 
0 17 70 8 5 100 rod 
0 13 70 12 5 100 rod 
0 16 70 10 4 90 rod 
I 13 69 10 7 50 rod 
0 12 69 12 7 50 rod 
0 13 69 13 5 80 rod 
I 17 69 8 5 100 rod 
0 13 68 12 7 75 rod 
0 15 68 12 5 60 rod 
0 15 68 11 6 100 rod 
0 18 68 8 6 100 rod 
0 19 68 13 0 100 rod 
I 15 68 9 6 150 rod 
0 14 68 9 9 60 spherical 
I 17 68 10 4 90 rod 
0 14 68 18 0 150 rod 
0 18 67 9 6 75 rod 
0 10 66 15 9 40 spherical 
0 13 66 17 4 125 rod 
0 17 66 13 4 70 rod 
0 13 65 22 0 100 rod 
0 12 64 23 0 100 rod 
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0 12 64 18 6 150 rod 
0 \3 64 17 6 200 rod 
1 13 63 22 0 150 rod 
0 14 63 16 7 120 rod 
0 \3 62 16 9 lOO rod 
0 14 62 19 5 150 rod 
1 11 61 21 6 125 rod 
0 14 60 26 0 100 rod 
0 \3 60 19 8 125 rod 
0 13 59 15 14 50 rod 
0 13 59 21 7 150 rod 
0 15 58 27 0 175 rod 
0 \3 58 20 9 150 rod 
0 \3 55 22 10 125 rod 
0 10 55 30 5 100 rod 
0 18 54 18 10 110 rod 
0 10 53 37 0 120 rod 
0 12 51 32 5 150 rod 
0 10 48 42 0 150 rod 
3 28 42 12 15 125 rod 
0 8 37 44 11 125 rod 
~verage 0 14 64 17 5 106 
Standard deviation 1 3 8 9 4 37 
• M23C6 nonnalised 1 100°C then tempered 760°C 2.5 hrs 
Fe Cr V Nb Mo 
28 57 2 0 \3 
29 58 1 0 12 
29 58 1 0 12 
27 59 1 0 13 
28 56 1 0 15 
30 56 1 0 13 
28 57 3 0 12 
28 60 1 0 11 
29 60 0 0 11 
27 60 0 0 \3 
Average 28 58 1 0 13 
Standard Deviation 1 2 1 0 1 
• MX nonnalised 1040°C then tempered 760°C 56 hrs 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 23 77 0 0 50 spherical 
0 16 77 7 0 75 rod 
0 13 76 11 0 50 rod 
0 11 76 13 0 50 spherical 
0 17 75 8 0 125 rod 
0 13 74 \3 0 lOO rod 
0 18 74 8 0 100 rod 
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0 \3 74 \3 0 lOO rod 
0 14 74 12 0 75 rod 
0 12 73 15 0 50 rod 
0 12 73 15 0 100 rod 
0 17 73 10 0 75 rod 
0 16 73 11 0 lOO rod 
0 14 73 \3 0 100 rod 
0 14 73 \3 0 60 spherical 
0 20 72 8 0 100 rod 
0 19 72 9 0 60 spherical 
0 13 72 10 5 50 spherical 
0 16 72 11 0 75 rod 
0 16 71 13 0 
- -
0 16 70 9 5 lOO rod 
0 14 70 13 3 200 rod 
0 15 70 15 0 50 spherical 
0 18 70 12 0 lOO rod 
0 15 70 10 5 lOO rod 
0 16 70 14 0 lOO . rod 
0 15 70 18 0 75 rod 
0 \3 69 17 0 lOO rod 
0 15 68 17 0 75 rod 
0 12 68 20 0 75 spherical 
0 12 68 20 0 lOO rod 
0 13 68 12 7 50 rod 
0 17 67 16 0 lOO rod 
0 15 67 14 5 75 elliptical 
0 14 67 19 0 lOO rod 
0 12 66 23 0 100 elliptical 
0 10 66 24 0 50 spherical 
I 18 64 12 5 75 rod 
0 13 64 23 0 75 rod 
I 13 63 19 4 100 rod 
0 20 63 18 0 100 rod 
I 15 62 21 0 100 rod 
0 8 62 30 0 - -
0 14 58 22 7 100 rod 
0 II 58 31 0 75 rod 
2 15 55 18 10 50 spherical 
0 11 52 29 8 200 rod 
0 14 52 25 8 50 spherical 
0 11 46 31 9 75 spherical 
I 8 43 47 0 75 sp_herical 
0 10 41 35 15 lOO rod 
0 10 40 50 0 50 spherical 
I 6 29 58 7 75 spherical 
0 6 28 52 14 200 rod 
0 93 7 0 0 50 spherical 
0 1 6 83 10 50 spherical 
Average 0 15 63 19 2 86 
Standard deviation 0 11 16 15 4 35 
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• MX nonna1ised 900°C then tempered 760°C 2.5hrs 
Fe% Cr% V% Nb% Mo% Longest axis size (nm) Description 
0 15 85 0 0 35 spherical 
0 16 84 0 0 50 spherical 
0 17 83 0 0 50 spherical 
0 17 81 2 0 66 elliptical 
0 0 80 20 0 24 spherical 
0 20 80 0 0 50 elliptical 
2 16 80 2 0 83 spherical 
0 18 78 4 0 62.5 elliptical 
0 22 78 0 0 60 spherical 
0 23 77 0 0 50 spherical 
0 19 77 4 0 66 spherical 
0 25 75 0 . 0 50 spherical 
0 25 75 0 0 40 spherical 
0 26 74 0 0 40 elliptical 
0 13 72 II 4 66 elliptical 
0 17 72 7 4 50 spherical 
0 12 71 12 5 94 elliptical 
0 15 70 15 0 60 spherical 
0 15 69 11 5 50 elliptical 
0 25 69 6 0 40 spherical 
0 13 69 12 6 40 spherical 
0 16 68 16 0 50 elliptical 
0 14 66 16 4 50 spherical 
0 11 65 19 5 66 spherical 
0 14 65 21 0 50 elliptical 
0 10 64 19 6 66 spherical 
I 11 64 18 6 50 spherical 
0 16 62 22 0 30 spherical 
0 9 62 24 5 100 elliptical 
0 12 60 22 5 80 elliptical 
0 13 58 21 8 37.5 spherical 
0 10 58 24 8 50 spherical 
0 15 58 20 7 83 elliptical 
0 12 57 22 9 37.5 spherical 
0 9 53 30 8 66 spherical 
0 10 52 27 11 44 spherical 
0 II 46 34 9 40 spherical 
0 7 14 78 0 
- -
0 2 8 72 18 37.5 spherical 
0 1 8 79 12 66 spherical 
0 1 6 80 13 55 spherical 
Average 0 14 63 19 4 55 
Standard deviation 0 6 20 22 5 17 
• M23C6 normalised 900°C then tempered 760°C 2.5hrs 
Fe Cr v Nb Mo 
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30 58 0 0 12 
30 59 0 0 11 
40 60 0 0 0 
37 63 0 0 0 
42 58 0 0 0 
35 65 0 0 0 
37 63 0 0 0 
26 60 0 0 14 
34 62 I 0 3 
36 64 0 0 0 
15 54 0 0 30 
29 60 0 0 11 
Average 33 61 0 0 7 
Standard deviation 7 3 0 0 9 
• MX nonnalised 950°C then tempered 760°C 2.5 hrs 
Fe er v Nb Mo Longest axis size (nm) Description 
0 13 87 0 0 40 spherical 
0 18 82 0 0 75 rod 
0 19 81 0 0 75 rod 
0 19 81 0 0 33 spherical 
0 21 79 0 0 50 rod 
0 16 78 6 0 50 rod 
0 23 77 0 0 50 rod 
0 23 77 0 0 60 rod 
0 9 77 15 0 100 elliptical 
0 10 77 13 0 lOO elliptical 
0 24 76 0 0 75 rod 
0 18 75 7 0 75 rod 
0 12 75 13 0 75 rod 
0 15 75 11 0 75 rod 
0 10 75 15 0 75 spherical 
0 12 75 13 0 150 elliptical 
0 19 74 7 0 lOO rod 
0 14 74 12 0 75 rod 
0 27 73 0 0 75 rod 
0 27 73 0 0 75 rod 
0 9 73 18 0 100 spherical 
0 12 73 10 5 lOO rod 
0 20 72 8 0 50 rod 
0 15 72 13 0 75 rod 
0 12 72 16 0 75 rod 
0 15 72 14 0 75 rod 
0 17 71 12 0 75 rod 
0 15 71 14 0 75 rod 
0 14 70 12 4 100 rod 
0 18 70 13 0 100 rod 
0 12 69 19 0 150 rod 
0 14 69 12 5 50 rod 
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0 19 68 13 0 67 rod 
0 23 68 9 0 75 rod 
0 16 68 0 17 75 rod 
5 17 67 11 0 50 rod 
0 22 67 11 0 50 rod 
0 16 67 17 0 20 spherical 
0 9 67 23 0 80 spherical 
0 11 67 22 0 75 rod 
0 14 66 20 0 50 rod 
0 11 66 22 0 75 rod 
0 16 65 14 6 50 rod 
0 15 64 16 5 lOO rod 
0 21 64 15 0 lOO rod 
0 16 64 10 10 \00 rod 
0 14 64 22 0 33 spherical 
0 13 63 24 0 25 spherical 
0 16 63 13 7 50 rod 
0 22 63 15 0 \00 rod 
0 15 62 23 0 60 rod 
0 14 59 27 0 25 spherical 
0 17 58 24 0 25 spherical 
0 14 54 24 8 \00 rod 
0 12 54 5 6 75 rod 
0 8 52 31 9 75 rod 
0 9 47 37 7 75 rod 
0 1 5 78 16 50 spherical 
0 3 5 92 0 33 rod 
Average 0 15 67 15 2 71 
Standard deviation I 5 14 16 4 27 
• M23C6 normalised 950°C then tempered 760°C 2.5 hrs 
Fe er v Nb Mo 
29 59 I 0 11 
31 60 0 0 9 
28 61 0 0 11 
30 59 0 0 11 
30 60 0 0 \0 
29 60 0 0 11 
28 60 0 0 12 
25 51 12 2 10 
28 60 I 0 11 
28 59 I 0 12 
26 59 I 0 14 
28 57 I 0 14 
29 59 I 0 11 
31 58 I 0 10 
29 58 I 0 12 
31 58 I 0 10 
28 60 I 0 11 
29 61 0 0 10 
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28 61 0 0 11 
Average 29 59 I 0 11 
Standard deviation 2 2 3 0 I 
• MX nonnalised 950°C then tempered 760°C 54 hours 
Fe er V Nb Mo Longest axis size (nm) Description 
0 18 82 0 0 76 rod 
0 14 76 10 0 50 spherical 
0 13 75 12 0 100 spherical 
0 18 74 8 0 75 rod 
I 11 74 11 3 150 elliptical 
0 12 72 16 0 75 spherical 
0 15 72 10 3 75 spherical 
0 11 70 19 0 50 spherical 
2 9 70 19 0 50 spherical 
I 13 70 13 4 75 spherical 
0 10 70 20 0 75 rod 
0 9 69 22 0 75 spherical 
0 11 69 20 0 50 spherical 
0 16 69 15 0 lOO rod 
0 11 69 20 0 50 spherical 
0 13 69 14 4 lOO spherical 
0 9 68 23 0 50 spherical 
0 \0 68 22 0 50 spherical 
0 9 68 23 0 75 spherical 
0 7 67 26 0 50 spherical 
0 12 66 22 0 50 spherical 
0 9 66 25 0 100 spherical 
0 13 65 22 0 50 spherical 
I 13 65 21 0 125 rod 
0 7 65 28 0 50 spherical 
0 8 64 28 0 75 spherical 
0 1I 64 21 4 100 spherical 
0 11 63 20 6 50 spherical 
0 25 62 I 12 
- -
0 25 62 0 13 
- -
0 8 62 27 3 100 spherical 
0 10 61 23 6 60 spherical 
0 6 60 34 0 50 rod 
0 7 60 27 6 75 spherical 
0 9 60 31 0 75 spherical 
0 6 59 35 0 50 spherical 
0 7 57 36 0 90 spherical 
0 8 57 30 5 - -
0 9 56 31 4 75 spherical 
0 9 56 35 0 75 spherical 
0 7 56 36 0 - -
0 8 55 37 0 50 spherical 
0 6 55 33 6 100 spherical 
0 7 54 35 4 60 spherical 
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0 10 53 31 6 - -
0 4 36 60 0 75 spherical 
0 6 36 51 7 60 spherical 
0 5 33 62 0 250 spherical 
0 2 13 85 0 40 spherical 
0 2 10 75 13 100 spherical 
0 1 7 83 9 50 spherical 
0 1 5 94 0 90 spherical 
0 0 4 87 9 30 spherical 
0 0 0 0 0 - -
Average 0 9 57 29 2 75 
Standard deviation 0 5 20 22 4 35 
• M23C6 nonnalised 950°C then tempered 760°C 54 hours 
Fe Cr V Nb Mo 
27 60 2 0 1\ 
27 59 I 0 \3 
26 59 I 0 14 
26 62 0 0 12 
24 61 I 0 14 
26 59 I 0 14 
24 57 I 0 18 
25 62 0 0 13 
26 61 I 0 12 
26 61 I 0 12 
26 62 0 0 12 
27 60 0 0 12 
26 64 0 0 10 
26 60 0 0 14 
26 63 0 0 1\ 
Average 26 61 I 0 \3 
Standard deviation I 2 I 0 2 
• MX nonnalised 1040°C then tempered 760°C 2.5 hrs and aged 600°C 3785 hrs 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 19 81 0 0 50 spherical 
I 16 78 6 0 90 rod 
0 13 77 10 0 100 rod 
I 13 76 9 0 100 rod 
0 17 75 8 0 70 rod 
0 17 74 9 0 100 rod 
4 14 71 11 0 150 rod 
0 15 71 8 6 50 spherical 
I 17 70 9 3 100 elliptical 
2 12 70 16 0 60 spherical 
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0 16 69 10 5 60 spherical 
I 14 69 12 4 110 rod 
2 18 69 7 4 75 rod 
I 15 68 12 4 110 rod 
2 15 68 9 5 120 rod 
5 14 68 10 3 100 rod 
0 17 67 8 8 50 spherical 
4 15 66 10 5 60 spherical 
0 14 66 16 4 50 spherical 
0 15 66 13 8 75 rod 
0 15 66 15 5 50 spherical 
2 12 65 19 3 60 rod 
0 14 65 13 7 100 rod 
0 14 64 19 3 100 rod 
0 13 64 22 0 80 rod 
0 13 64 15 7 lOO rod 
0 14 63 16 7 100 rod 
5 14 63 8 10 50 elliptical 
3 12 63 19 3 90 elliptical 
3 14 62 15 6 120 rod 
2 12 62 20 4 100 rod 
2 13 62 23 0 lOO rod 
9 14 62 11 4 70 rod 
0 14 62 20 4 100 rod 
2 11 61 26 5 90 rod 
3 11 60 26 0 150 rod 
I 11 60 16 9 110 rod 
9 12 59 15 5 60 spherical 
11 14 59 10 6 lOO rod 
6 15 59 13 7 lOO rod 
3 15 57 16 9 60 rod 
4 17 57 23 7 120 rod 
0 19 57 13 11 lOO rod 
0 9 57 35 0 80 rod 
0 13 56 25 7 75 rod 
12 12 53 13 10 60 rod 
3 14 53 22 7 60 rod 
4 9 52 31 5 120 rod 
15 17 50 9 9 lOO rod 
I 9 45 37 9 50 rod 
3 7 31 45 15 100 rod 
0 8 51 35 6 
- -
0 1 8 91 0 60 elliptical 
Average 2 14 62 18 5 86.4 
Standard deviation 3 3 12 14 4 26 
• M23C6 normalised 1040°C then tempered 760°C 2.5 hrs and aged 600°C 3785 hrs 
Fe er V Nb Mo 
20 65 I 0 14 
25 61 I 0 14 
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22 64 0 0 \3 
23 63 I 0 12 
21 67 I 0 12 
22 65 I 0 12 
23 59 7 0 II 
25 63 I 0 II 
26 63 0 0 II 
25 65 0 0 10 
24 66 I 0 10 
25 64 I 0 10 
Average 23 64 I 0 12 
tandard deviation 2 2 2 0 I 
• MX nonnalised 950°C then tempered 760°C 2.5 hrs and aged 600°C 3785 hrs 
Fe er v Nb . Mo Longest axis size (nm) Description 
0 9 77 14 0 100 spherical 
0 9 73 16 2 80 spherical 
0 \3 72 12 3 100 spherical 
0 I 72 12 3 60 spherical 
0 15 71 IQ 4 90 elliptical 
0 9 71 19 0 120 elliptical 
0 19 70 II 0 30 spherical 
0 II 70 12 8 30 spherical 
0 \3 70 17 0 - -
I 10 70 19 0 50 spherical 
0 12 68 14 5 40 spherical 
0 12 68 20 0 50 spherical 
I II 67 15 6 80 elliptical 
I 12 67 16 4 90 rod 
0 8 66 23 3 70 spherical 
0 13 65 9 12 30 spherical 
0 8 65 22 5 50 spherical 
0 16 64 12 8 50 spherical 
0 14 63 \3 IQ 30 spherical 
0 10 63 22 5 50 spherical 
I II 63 19 7 60 elliptical 
0 8 62 30 0 40 spherical 
0 14 62 IQ 14 30 spherical 
0 8 61 28 3 100 spherical 
0 8 60 32 0 90 spherical 
0 12 60 21 7 60 spherical 
0 7 60 33 0 50 spherical 
0 9 60 26 5 75 spherical 
0 8 60 28 4 100 elliptical 
0 9 58 24 9 50 spherical 
0 13 58 20 9 50 spherical 
0 II 57 19 14 50 spherical 
0 13 57 22 8 30 spherical 
0 8 54 32 5 75 spherical 
I 7 53 33 6 75 spherical 
0 14 52 9 25 50 rod 
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0 8 52 34 6 50 spherical 
0 9 51 16 24 40 spherical 
0 7 51 35 6 lOO spherical 
0 6 50 40 4 70 spherical 
0 7 49 37 7 90 spherical 
0 7 45 40 8 40 spherical 
0 8 38 45 9 50 spherical 
1 7 38 45 9 40 spherical 
0 4 32 53 11 60 spherical 
0 6 31 51 12 50 spherical 
1 3 17 71 9 60 spherical 
0 5 16 63 16 40 spherical 
0 3 9 72 13 40 spherical 
0 0 8 76 16 30 spherical 
0 1 7 92 0 50 spherical 
1 1 6 87 5 50 spherical 
1 1 6 77 15 40 spherical 
1 1 5 78 15 40 spherical 
Average . 0 9 52 32 7 59 
Standard deviation 0 4 21 22 6 23 
• M23C6 normalised 950°C then tempered 760°C 2.5 hrs and aged 600°C 3785 hrs 
Fe Cr V Nb Mo 
23 64 I 0 12 
23 64 I 0 12 
24 64 I 0 11 
21 65 I 0 14 
19 61 0 0 20 
17 61 I 0 20 
22 65 0 0 13 
21 60 2 0 16 
22 66 0 0 13 
23 64 0 0 12 
21 65 0 0 12 
22 64 3 0 11 
Average 22 64 I 0 14 
Standard Deviation 2 2 I 0 3 
• MX normalised 950°C then tempered 760°C 2.5 hrs and aged 600°C 7828 hrs 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 0 95 5 0 50 spherical 
0 0 94 6 0 40 spherical 
0 13 79 8 0 90 spherical 
0 11 77 12 0 70 spherical 
0 11 77 12 0 70 spherical 
0 13 76 11 0 60 rod 
0 11 76 14 0 60 spherical 
0 14 76 10 0 50 spherical 
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0 14 76 10 0 50 spherical 
0 12 75 13 0 40 spherical 
0 12 75 10 3 lOO spherical 
0 10 74 16 0 75 spherical 
0 13 74 13 0 60 rod 
0 17 74 9 0 50 soherical 
I 9 74 16 0 90 spherical 
0 12 73 15 0 50 spherical 
0 10 73 17 0 100 spherical 
0 9 73 19 0 100 spherical 
0 9 73 17 0 200 spherical 
0 22 72 6 0 50 rod 
0 13 72 11 4 50 spherical 
0 19 72 9 0 60 spherical 
0 10 72 18 0 40 spherical 
0 10 72 18 0 40 spherical 
0 10 71 19 0 100 spherical 
0 17 71 12 0 60 spherical 
0 19 71 10 0 40 soherical 
0 15 71 13 0 50 rod 
0 19 71 10 0 70 spherical 
0 19 71 10 0 70 spherical 
0 10 70 20 0 100 soherical 
0 13 70 17 0 90 rod 
0 17 70 13 0 50 soherical 
0 13 69 18 0 60 spherical 
0 9 69 19 3 150 spherical 
0 17 69 14 0 50 rod 
0 14 69 13 4 90 spherical 
0 9 68 23 0 75 spherical 
0 11 68 20 0 50 soherical 
0 19 68 13 0 60 rod 
0 13 68 14 5 60 soherical 
0 9 68 22 0 100 spherical 
0 14 67 20 0 70 elliptical 
0 15 67 19 0 50 soherical 
0 9 67 24 0 50 soherical 
0 17 67 16 0 30 spherical 
0 8 66 26 0 60 spherical 
0 8 66 26 0 60 spherical 
0 10 66 22 2 90 spherical 
0 12 65 23 0 60 spherical 
I 11 65 23 0 60 spherical 
0 17 65 10 8 70 rod 
0 20 65 15 0 30 soherical 
0 14 65 14 7 70 soherical 
0 7 65 27 0 60 spherical 
0 7 65 27 0 60 spherical 
0 12 65 17 7 90 spherical 
0 14 64 17 5 70 soherical 
0 10 64 26 0 150 spherical 
0 8 64 28 0 60 spherical 
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0 8 64 28 0 60 spherical 
0 \3 63 18 6 lOO spherical 
0 8 62 30 0 lOO spherical 
0 8 61 31 0 lOO spherical 
0 \3 60 27 0 50 spherical 
I 9 58 28 4 100 spherical 
0 8 58 30 4 110 spherical 
0 \3 58 17 II 50 spherical 
0 10 56 34 0 40 spherical 
0 10 56 34 0 40 spherical 
0 9 53 32 0 120 spherical 
I 9 53 37 0 60 spherical 
0 9 50 42 0 60 spherical 
0 8 46 38 8 30 spherical 
0 8 45 36 II 60 spherical 
0 9 43 37 II 80 spherical 
0 8 38 41 13 60 spherical 
0 4 36 60 0 100 rod 
0 11 36 32 21 50 spherical 
0 9 35 35 21 100 spherical 
1 2 8 90 0 90 spherical 
0 2 7 91 0 30 spherical 
0 2 7 91 0 30 spherical 
0 3 6 91 0 40 spherical 
0 0 5 95 0 50 spherical 
Average 0 I I 63 24 2 69 
Standard deviation 0 5 18 20 4 29 
• M23C6 nonnalised 950°C then tempered 760°C 2.5 hrs and aged 600°C 7828 hrs 
Fe Cr V Nb Mo 
21 65 3 0 II 
22 66 0 0 12 
25 63 I 0 II 
24 65 0 0 II 
19 68 0 0 13 
0 92 8 0 0 
~verage 19 70 2 0 10 
Standard deviation 9 I I 3 0 5 
• MX nonnalised 1040°C then tempered 760°C 2.5 hrs and aged 600°C 7828 hrs 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 20 80 0 0 60 spherical 
0 21 79 0 0 100 rod 
0 II 78 II 0 100 rod 
I 16 78 5 0 70 rod 
0 \3 77 9 0 80 rod 
0 15 77 7 0 lOO rod 
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0 17 77 7 0 110 rod 
I 15 76 8 0 130 rod 
0 25 75 0 0 lOO rod 
0 12 75 9 4 150 rod 
I 17 74 8 0 lOO rod 
0 16 74 7 4 70 elliptical 
0 II 73 13 3 100 rod 
12 12 72 II 5 lOO rod 
0 19 72 9 0 lOO rod 
0 17 72 II 0 lOO rod 
0 16 71 13 0 120 rod 
0 13 71 16 0 140 rod 
I 13 71 14 0 200 rod 
0 14 71 16 0 100 rod 
0 17 71 12 0 100 rod 
0 20 71 9 0 110 rod 
0 17 70 12 0 lOO rod 
0 24 70 6 0 110 rod 
0 20 70 10 0 90 rod 
0 18 70 12 0 75 rod 
0 19 69 12 0 125 rod 
0 19 69 12 0 75 spherical 
0 15 69 17 0 120 rod 
0 14 67 15 4 150 rod 
0 14 67 19 0 60 spherical 
0 II 65 24 0 60 spherical 
0 16 65 19 0 150 rod 
0 20 64 IS 0 100 rod 
0 10 64 26 0 100 spherical 
0 13 64 23 0 ISO rod 
0 10 63 27 0 60 snherical 
0 14 63 IS 7 100 rod 
0 12 61 27 0 50 spherical 
I 16 61 22 0 100 rod 
0 14 60 21 4 120 rod 
0 IS 59 26 0 lOO rod 
0 14 58 22 7 lOO rod 
0 18 58 13 10 200 rod 
0 8 56 30 5 150 rod 
0 7 55 38 0 75 snherical 
0 II 54 35 0 90 rod 
0 II 49 35 5 100 rod 
I 9 49 36 5 50 spherical 
1 3 18 68 10 40 snherical 
Average 0 IS 67 17 I 103 
Standard Deviation 2 4 10 12 3 34 
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Appendix 4 
This appendix contains the chemical composition and particle size and morphology for MX 
and M23C6 precipitates in high and low aluminium P9l subjected to thermal aging or creep in 
Chapter 8. Bold font highlights niobium rich (Nb,V)(C,N). Bold font indicates niobium rich 
(Nb,V)(C,N) particles. 
• High aluminium sample subjected to normalising at 950°C then tempering at 775°C 
Fe% Cr"1o V% Nb% Mo% Longest axis size (nm) Description 
2 15 57 6 20 - -
I 13 55 16 15 55 spherical 
0 12 45 21 3 37.5 spherical 
I 9 39 25 26 66 spherical 
2 7 36 31 24 62.5 elliptical 
0 6 23 43 . 28 24 spherical 
0 5 21 59 15 50 spherical 
0 4 11 57 28 50 spherical 
0 2 6 92 0 35 spherical 
0 0 5 79 16 50 spherical 
1 1 5 78 15 40 elliptical 
0 1 5 77 16 50 elliptical 
0 0 5 76 19 60 spherical 
0 0 4 96 0 40 spherical 
0 0 4 96 0 50 elliptical 
0 1 4 86 9 44 spherical 
0 1 4 86 9 30 spherical 
0 1 4 83 13 66 spherical 
0 0 4 83 12 66 elliptical 
0 0 4 81 15 50 spherical 
0 1 4 74 22 83 spherical 
0 1 4 73 22 37.5 spherical 
1 0 4 71 23 37.5 spherical 
2 1 4 68 22 66 elliptical 
0 0 4 66 30 66 spherical 
1 0 4 65 30 50 spherical 
0 0 3 97 0 94 elliptical 
0 1 3 96 0 50 elliptical 
0 1 3 96 0 50 spherical 
0 1 3 96 0 60 spherical 
0 1 3 88 8 100 elliptical 
0 1 3 86 10 50 spherical 
0 1 3 83 13 83 elliptical 
0 1 3 83 12 40 spherical 
0 1 3 83 13 80 elliptical 
0 1 3 80 16 50 spherical 
1 1 3 77 18 40 spherical 
0 0 3 77 20 66 spherical 
0 0 3 75 22 40 spherical 
0 1 3 73 20 66 spherical 
1 0 3 71 25 50 elliptical 
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1 1 3 70 25 50 spherical 
0 0 3 69 28 50 spherical 
0 0 3 68 29 30 spherical 
0 2 3 68 27 40 spherical 
0 0 3 64 33 40 spherical 
1 1 3 61 32 40 spherical 
2 0 3 60 35 30 spherical 
0 1 2 74 23 60 spherical 
0 0 2 73 25 50 spherical 
0 1 2 64 29 30 spherical 
Average 0 2 9 71 18 51 
Standard deviation 1 3 13 21 \0 20 
• High aluminium sample subjected to nonnalising at 950°C then tempering at 700°C 
. 
Fe Cr V Nb Mo Longest axis size (nrol Description 
0 16 72 12 0 70 rod 
0 15 68 17 0 80 rod 
0 5 26 69 0 75 elliptical 
0 5 18 77 0 40 spherical 
0 2 14 84 0 100 spherical 
0 2 12 86 0 30 spherical 
0 3 12 85 0 50 spherical 
0 4 10 86 0 30 spherical 
0 2 9 89 0 50 spherical 
3 1 9 87 0 60 spherical 
0 0 8 92 0 20 spherical 
0 2 8 90 0 30 spherical 
0 3 8 89 0 50 spherical 
0 2 7 91 0 40 spherical 
0 2 7 91 0 40 spherical 
0 2 7 91 0 50 spherical 
0 2 6 92 0 60 spherical 
0 2 6 92 0 50 spherical 
0 2 6 92 0 50 spherical 
0 2 6 92 0 40 spherical 
0 3 6 91 0 50 spherical 
0 3 6 91 0 40 spherical 
0 4 6 90 0 30 spherical 
0 0 5 95 0 60 spherical 
0 1 5 94 0 60 spherical 
0 2 5 93 0 50 spherical 
0 2 5 93 0 50 spherical 
0 2 5 93 0 40 spherical 
0 2 5 93 0 30 spherical 
0 2 5 93 0 50 spherical 
0 2 5 93 0 50 spherical 
0 2 5 93 0 40 spherical 
0 2 5 92 0 40 spherical 
0 4 5 91 0 30 spherical 
0 1 5 86 9 65 spherical 
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0 0 4 96 0 60 spherical 
0 0 4 96 0 100 spherical 
0 0 4 96 0 80 spherical 
0 1 4 95 0 60 snherical 
0 1 4 95 0 60 spherical 
0 1 4 95 0 60 spherical 
0 2 4 94 0 50 spherical 
0 2 4 94 0 50 spherical 
1 1 4 94 0 50 spherical 
0 2 4 94 0 50 spherical 
1 1 4 94 0 50 spherical 
0 2 4 86 8 60 spherical 
0 2 3 95 0 60 spherical 
AveraQe 0 3 9 88 0 52 
Standard deviation 0 3 \3 16 2 17 
• High aluminium sample subjected to nonnalising at 1 100°C then tempering at 775°C 
Fe er v Nb Mo LonQest axis size (nm) Descrintion 
I 10 51 24 12 60 rod 
I 11 51 23 14 75 rod 
I 11 51 23 14 70 rod 
I 10 51 23 15 90 rod 
I 11 49 28 11 90 rod 
0 9 48 30 12 60 rod 
0 9 48 30 12 50 rod 
0 10 46 21 23 50 spherical 
I 10 45 27 17 60 rod 
0 6 44 27 23 50 spherical 
2 9 44 27 18 60 spherical 
0 10 44 22 24 30 spherical 
0 8 43 24 25 50 rod 
2 9 42 32 15 100 rod 
0 10 42 31 17 60 rod 
0 11 42 25 21 70 rod 
0 10 41 31 18 60 rod 
0 11 41 21 27 40 spherical 
I 12 40 24 21 60 spherical 
2 8 38 23 28 50 spherical 
0 7 33 49 11 90 rod 
0 8 32 29 26 50 rod 
0 9 32 28 27 60 rod 
0 4 30 61 5 125 elliptical 
1 6 30 52 It 125 rod 
0 8 29 46 17 125 rod 
1 6 28 50 15 90 rod 
0 5 26 56 13 150 rod 
1 5 26 55 13 150 rod 
2 4 23 51 20 75 rod 
1 5 22 61 It 30 snherical 
0 5 22 53 20 100 rod 
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1 5 20 58 16 100 rod 
0 4 16 65 15 70 rod 
1 4 16 62 15 90 rod 
1 2 14 71 12 60 spherical 
1 2 14 66 17 40 spherical 
1 1 9 73 16 40 spherical 
1 1 8 73 17 50 spherical 
0 2 7 64 27 100 rod 
1 1 6 72 20 40 spherical 
0 0 5 95 0 50 spherical 
1 2 5 70 22 40 spherical 
1 2 5 67 25 30 spherical 
1 2 5 59 28 30 spherical 
0 1 4 88 7 60 spherical 
0 1 4 86 8 50 spherical 
0 1 4 86 9 60 spherical 
0 1 4 81 14 60 spherical 
1 1 4 79 15 40 spherical 
2 1 4 66 27 25 spherical 
0 4 4 42 50 40 spherical 
Average I 6 27 49 18 67 
Standard deviation i 4 i7 22 8 30 
• High aluminium sample subjected to normalising at 11 OO°C then tempering at 700°C 
Fe er V Nb Mo Longest axis size (nm) Description 
0 5 21 62 12 60 rod 
0 6 15 59 20 40 spherical 
0 3 13 84 0 40 spherical 
0 3 12 77 8 50 210bular 
0 4 12 74 11 50 spherical 
0 4 12 72 12 40 spherical 
0 3 12 71 14 50 spherical 
0 3 11 86 0 50 spherical 
0 2 11 76 11 50 spherical 
0 3 11 75 11 50 210bular 
0 3 11 71 15 50 spherical 
0 3 10 76 11 50 spherical 
0 3 10 65 22 40 spherical 
0 2 9 89 0 60 spherical 
0 3 9 82 6 50 spherical 
0 2 9 76 13 50 spherical 
0 2 8 82 8 50 spherical 
0 2 8 78 12 50 spherical 
1 6 8 74 11 60 spherical 
0 2 8 73 17 50 spherical 
0 2 8 73 17 50 spherical 
0 1 8 71 20 40 spherical 
0 2 7 92 0 60 spherical 
0 1 7 92 0 75 spherical 
0 2 7 85 6 50 spherical 
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0 I 7 85 7 70 spherical 
0 2 7 83 8 50 spherical 
0 2 7 82 10 60 spherical 
0 I 7 82 10 lOO spherical 
0 I 7 73 19 40 spherical 
0 2 6 92 0 70 spherical 
0 2 6 86 6 90 spherical 
0 3 6 85 6 90 spherical 
0 4 6 84 6 50 spherical 
0 2 6 83 8 40 spherical 
0 2 6 82 10 70 spherical 
0 I 6 82 11 50 spberical 
0 2 6 82 10 50 spherical 
0 3 6 80 11 70 spherical 
0 2 6 78 14 80 spherical 
4 9 6 66 IS 60 spherical 
0 2 5 84 9 60 spherical 
0 2 5 83 10 60 spherical 
I 2 5 83 8 50 spherical 
0 I 5 81 13 70 spherical 
0 I 5 78 IS 70 spherical 
0 2 5 78 IS 50 spherical 
0 3 5 77 IS 50 spberical 
0 I 3 84 11 lOO spherical 
Average 0 3 8 79 10 57 
Standard deviation I 2 3 7 5 15 
• Neck of high-AI P91 sample tested to fracture by subjecting it to a uniaxial stress of 
130 MPa at 600°C for 4730 hours 
Fe Cr V Nb Mo Longest axis size (nm) Description 
0 9 68 23 0 90 elliptical 
3 16 67 14 0 90 rod 
0 14 66 20 0 60 spherical 
0 18 66 16 0 30 el1iptical 
0 10 64 26 0 60 elliptical 
0 10 64 17 9 30 spherical 
0 0 64 0 36 40 spherical 
2 14 63 21 0 lOO rod 
0 8 61 3i 0 80 spherical 
0 14 59 27 0 50 spherical 
0 12 55 33 0 60 rod 
0 13 52 22 13 75 rod 
I 8 51 40 0 60 spherical 
0 11 49 40 0 60 rod 
0 11 48 33 8 lOO rod 
0 15 48 26 11 60 rod 
0 8 38 53 0 60 rod 
0 3 25 56 16 50 rod 
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0 2 15 83 0 50 spherical 
0 3 15 70 12 50 spherical 
0 6 14 80 0 40 spherical 
0 3 10 87 0 40 spherical 
0 0 6 94 0 40 spherical 
0 1 6 93 0 50 spherical 
0 0 5 95 0 50 spherical 
0 0 5 95 0 40 spherical 
0 0 5 95 0 40 spherical 
0 2 5 93 0 30 spherical 
0 2 5 93 0 30 spherical 
0 3 5 92 0 40 spherical 
0 0 5 87 7 75 spherical 
0 2 5 84 9 60 elliptical 
0 2 5 83 10 75 spherical 
0 2 5 82 11 50 spherical 
0 0 4 96 0 40 spherical 
0 0 4 96 0 50 elliptical 
0 0 4 96 0 40 spherical 
0 0 4 96 0 50 spherical 
0 2 4 94 0 40 spherical 
0 0 4 88 8 60 spherical 
0 0 4 87 9 50 spherical 
0 1 4 85 0 50 spherical 
0 2 4 84 0 40 spherical 
0 2 3 95 0 50 spherical 
1 2 3 94 0 60 elliptical 
0 1 3 89 7 75 spherical 
0 0 3 89 8 60 spherical 
0 1 3 89 O· 75 spherical 
0 0 3 87 0 40 spherical 
0 2 2 77 19 35 spherical 
Average 0 4 22 69 4 53 
Standard deviation 0 5 24 30 7 16 
• Head of high-AI P91 sample tested to fracture by subjecting it to a uniaxial stress of 
130 MPa at 600°C for 4730 hours 
Fe er v Nb Mo Longest axis size (nm) Description 
0 15 52 32 0 120 rod 
0 13 52 26 9 110 rod 
0 10 30 60 0 50 rod 
0 6 17 77 0 30 spherical 
0 3 14 76 7 40 spherical 
0 3 14 69 14 50 spherical 
0 2 10 88 0 50 spherical 
2 2 10 86 0 40 spherical 
0 3 10 74 13 40 spherical 
0 2 9 89 0 50 spherical 
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0 3 9 88 0 SO spherical 
0 3 7 90 0 40 spherical 
0 3 7 90 0 SO spherical 
0 4 7 89 0 30 spherical 
0 0 6 94 0 40 spherical 
0 0 6 94 0 40 spherical 
0 0 6 94 0 30 spherical 
0 3 6 91 0 30 spherical 
0 1 6 84 9 SO spherical 
0 2 6 80 12 SO spherical 
0 2 6 78 14 SO spherical 
0 3 6 77 14 40 spherical 
0 3 6 74 17 30 spherical 
0 0 5 95 0 40 spherical 
0 0 5 95 0 30 spherical 
0 1 5 94 0 
0 1 5 94 0 SO spherical 
0 3 5 92 0 SO spherical 
0 1 5 85 9 SO spherical 
1 1 5 83 10 SO spherical 
0 2 5 81 12 40 spherical 
0 3 5 81 11 40 spherical 
0 2 5 81 12 SO spherical 
0 0 4 96 0 30 spherical 
0 0 4 96 0 SO spherical 
0 2 4 94 0 60 spherical 
0 2 4 94 0 40 spherical 
0 2 4 94 0 60 spherical 
0 3 4 93 0 30 spherical 
3 3 4 90 0 40 spherical 
0 0 4 84 12 SO spherical 
0 0 4 83 13 SO elliptical 
0 1 4 83 11 SO spherical 
0 7 4 74 15 30 spherical 
0 2 3 95 0 40 spherical 
0 1 3 86 10 60 spherical 
0 1 3 84 12 SO spherical 
0 0 3 82 15 SO spherical 
0 0 2 74 24 SO spherical 
0 0 1 72 27 60 spherical 
0 0 0 78 22 40 spherical 
k\verage 0 2 6 85 6 44 
Standard deviation I 2 5 8 8 9 
• Neck oflow-Al P91 creep tested to fracture by subjecting it to a uniaxial stress of 59 
MPa at 655°C for 9984 
Fe er V Nb Mo longest axis size (nm) Description 
I 8 73 18 0 200 ~lIiptical 
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0 10 71 14 5 100 od 
0 9 71 14 6 50 spherical 
0 5 71 36 0 120 spherical 
0 13 70 11 6 80 spherical 
0 8 70 22 0 125 spherical 
I 9 70 20 0 175 spherical 
0 10 69 16 5 60 spherical 
0 9 69 15 8 50 soherical 
I 9 68 17 5 60 od 
0 7 68 25 0 150 spherical 
0 13 67 20 0 70 od 
0 9 66 18 6 50 soherical 
0 8 65 28 0 160 spherical 
0 6 65 24 5 110 "lIiptical 
0 10 64 26 0 lOO soherical 
0 9 64 21 6 90 spherical 
I 12 64 17 5 110 od 
I 10 63 19 7 60 od 
0 8 63 20 9 50 spherical 
0 10 63 19 9 50 spherical 
I 7 62 26 4 100 spherical 
I 7 62 31 0 150 Isoherical 
I 9 62 18 10 110 od 
0 7 61 22 IC 50 spherical 
0 11 60 23 6 150 od 
3 14 60 16 7 50 ~pherical 
0 10 59 25 6 50 spherical 
0 6 59 34 0 lOO ~pherical 
0 10 59 26 5 lOO !elliptical 
0 18 58 8 16 40 soherical 
0 8 58 29 6 110 ~pherical 
0 8 58 25 10 30 ~pherical 
I 6 58 30 5 200 ~pherical 
0 6 58 37 0 90 soherical 
0 7 58 35 0 60 ~pherical 
0 5 56 33 6 40 ~pherical 
I 12 56 22 9 50 ~pherical 
I 8 55 32 5 lOO od 
0 8 53 30 9 60 soherical 
0 7 50 33 10 30 ~pherical 
I 8 50 29 13 40 Ispherical 
0 8 41 25 26 50 ~pherical 
0 7 40 36 17 50 Isoherical 
0 8 37 34 21 40 !soherical 
0 8 36 39 18 40 Ispherical 
1 5 35 51 8 110 rod 
0 6 28 52 14 40 Isoherical 
0 0 10 90 0 40 Ispherical 
IAvera,e 0 8 58.0 27 7 84 
Standard deviation I 3 13 13 6 46 
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• Head oflow-Al P91 creep tested to fracture by subjecting it to a uniaxial stress of 59 
MPa at 655°C for 9984 
Fe% Cr% V% Nb% Mo% Longest axis size (nm) Description 
0 10 75 15 0 60 spherical 
0 12 72 10 6 lOO rod 
0 8 72 20 0 50 soherical 
0 9 72 12 7 70 rod 
0 13 71 6 10 60 rod 
0 11 70 12 8 75 elliptical 
0 13 70 12 5 100 rod 
0 10 70 11 9 60 rod 
0 7 70 22 0 85 spherical 
0 15 67 10 8 100 rod 
0 10 67 12 . 11 60 rod 
0 10 67 14 10 50 soherical 
0 6 67 27 0 60 spherical 
0 14 66 13 7 100 rod 
0 7 65 22 6 60 soherical 
I II 64 16 8 80 rod 
0 16 62 12 10 90 rod 
0 8 62 25 5 160 spherical 
0 8 62 25 5 70 rod 
0 6 59 29 6 lOO rod 
0 II 56 13 20 60 rod 
0 II 56 23 10 150 rod 
0 9 56 25 10 90 rod 
0 6 56 31 7 50 soherical 
0 6 55 35 8 50 soherical 
0 7 55 33 5 60 spherical 
0 6 53 25 16 40 spherical 
I 6 53 34 6 60 spherical 
0 7 53 33 7 50 soherical 
0 9 52 30 9 60 spherical 
0 10 50 30 10 50 spherical 
0 9 49 29 13 40 soherical 
0 6 49 42 3 150 rod 
0 8 48 29 15 50 soherical 
0 6 48 46 0 50 spherical 
0 5 48 42 5 120 rod 
0 6 48 37 9 50 soherical 
I 6 48 40 5 50 soherical 
0 6 47 37 II 100 spherical 
0 10 47 30 13 100 rod 
0 6 46 39 10 140 spherical 
0 5 45 41 9 90 soherical 
0 9 45 33 13 50 spherical 
0 10 45 30 15 110 rod 
0 7 43 34 16 50 soherical 
0 7 41 39 13 40 soherical 
0 5 36 41 18 75 spherical 
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0 6 26 55 13 50 soherical 
0 4 25 54 17 50 spherical 
0 3 16 64 17 50 spherical 
~verage 0 8 54 29 9 74 
!standard deviation 0 3 \3 \3 5 31 
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Appendix 5 
This appendix contains the raw data for the chemical composition and particle size and 
morphology for MX and M23C6 precipitates in P9l subjected to slow cooling (lOO°C-I) from 
normalising at 1060°C for 30 minutes then tempered for 2-5 hours at 760°C_ 
• MX 
Fe% Cr'/o V% Nb% Mo% Longest axis size (nm) Description 
0 15 85 0 0 90 rod 
0 14 76 9 0 110 rod 
0 0 76 24 0 
- -
0 18 72 10 0 50 snherical 
0 17 70 13 0 50 spherical 
0 16 69 15 0 75 spherical 
0 12 68 20 0 
- -
0 16 68 16 0 lOO rod 
0 16 67 17 0 lOO rod 
0 14 63 23 0 70 rod 
0 18 62 20 0 40 spherical 
0 13 62 25 0 lOO snherical 
0 21 60 18 0 lOO rod 
0 18 59 23 0 
- -
0 7 59 34 0 50 spherical 
0 12 58 30 0 70 rod 
0 13 55 20 11 100 rod 
0 16 54 30 0 lOO rod 
0 12 53 27 8 lOO rod 
0 11 47 42 0 100 rod 
Avera"e 0 14 64 21 I 82 
Standard deviation 0 5 9 9 3 24 
Fe Cr V Nb Mo 
27 61 0 0 12 
26 61 0 0 12 
27 62 0 0 11 
25 58 0 0 17 
25 61 0 0 14 
27 63 0 0 10 
26 59 I 0 14 
26 62 0 0 13 
25 63 0 0 12 
24 58 0 0 18 
Avera"e 26 61 0 0 13 
Standard deviation I 2 0 0 3 
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